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AREA OF STUDY 2
HOW ARE lIGHT AND MATTER SIMILAR?

12 Light and matter

12.1 Overview
Numerous videos and interactivities are available just where you need them, at the point of learning, in
your digital formats, learnON and eBookPLUS at www.jacplus.com.au.

12.1.1 Introduction
We’ve seen that light can behave both like a wave and like a particle. Can matter also behave like a particle
at certain times and like a wave at other times?

If so, how would we find its wavelength? What would a matter wave tell us and indeed what would it
mean? What experiments would we attempt in order to test for the wave properties of matter?

In 1920, Louis de Broglie suggested a way to calculate the wavelength of a piece of matter, from its
momentum. Later that decade, William Bragg showed that individual electrons could diffract when passing
through narrow openings — the space between atoms in crystals. A wave model for electrons in atoms not
only explains the diffraction of matter but also perfectly explains both discrete emission and absorption
spectra; we need both a particle and wave model for matter as well.

We are left with one final question: How can light and matter sometimes behave like a wave propagating
in all directions at once and sometimes like a particle moving in a single direction only? The answer is,
it can! Welcome to the world of wave–particle duality, quantum mechanics and Heisenberg’s uncertainty
principle.

FIGURE 12.1 Until the nineteenth century, most scientists thought that light was a type of
wave, but later evidence pointed towards light behaving more like a stream of particles. In the
twentieth century, physicists realised that neither description was sufficient for light. In this topic
we will see that the same discovery was also made about the electron and matter in general.
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12.1.2 What you will learn

KEY KNOWLEDGE
After completing this topic, you will be able to:
• interpret electron diffraction patterns as evidence for the wavelike nature of matter
• distinguish between the diffraction patterns produced by photons and electrons

• calculate the de Broglie wavelength of matter: 𝜆 = h
p

• compare the momentum of photons and of matter of the same wavelength including calculations using

p = h
𝜆

• explain the production of atomic absorption and emission line spectra, including those from metal vapour
lamps

• interpret spectra and calculate the energy of absorbed or emitted photons: ∆E = hf
• analyse the absorption of photons by atoms, with reference to
• the change in energy levels of the atom due to electrons changing state

• the frequency and wavelength of emitted photons: E = hf = hc
𝜆

• describe the quantised states of the atom with reference to electrons forming standing waves, and explain
this as evidence for the dual nature of matter

• interpret the single photon/electron double-slit experiment as evidence for the dual nature of light and matter
• explain how diffraction from a single-slit experiment can be used to illustrate Heisenberg’s uncertainty
principle

• explain why classical laws of physics are not appropriate to model motion at very small scales
• compare the production of light in lasers, synchrotrons, LEDs and incandescent lights.

Source: VCE Physics Study Design (2016) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS
Practical work is a central component of learning and assessment. Experiments and investigations, supported by
a Practical investigation logbook and Teacher-led videos, are included in this topic to provide opportunities to
undertake investigations and communicate findings.

Digital documents Key science skills — VCE Physics Units 1–4 (doc-#####)

Key terms glossary (doc-#####)

Practical investigation logbook (doc-#####)

To access key concept summaries and past VCAA exam questions download and print the studyON: Revision and past
VCAA exam question booklet (doc-XXXX).

12.2 Matter as particles or waves

KEY CONCEPTS
• interpret electron diffraction patterns as evidence for the wavelike nature of matter
• distinguish between the diffraction patterns produced by photons and electrons

• calculate the de Broglie wavelength of matter: 𝜆 = h
p

• compare the momentum of photons and of matter of the same wavelength including calculations using p = h
𝜆
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12.2.1 The wave behaviour of electrons
By the end of the nineteenth century, it was clear that light exhibited wavelike properties and could be
very well modelled as consisting of waves. At the time, it was also firmly established that matter could
be modelled as consisting of particles. Early in the twentieth century, however, it was found that because
of the photoelectric effect it was necessary for light to also be modelled as a particle. Was it possible that
electrons, too, could exhibit wave phenomena as well as demonstrating particle behaviour?

Even though Neils Bohr could calculate their energies, he could not explain why hydrogen electrons only
occupied orbits whose energies were discrete. Why were they the only possible electron orbits? What was
so special about them? How did atoms make sure they emitted the correct frequency to ensure they landed
in another stationary state?

In fact, Rutherford wrote to Bohr:

Your ideas are very ingenious and seem to work out well . . . There seems to me to be one grave difficulty in
your hypothesis . . . namely, how does an electron decide what frequency it is going to vibrate at when it passes
from one stationary state into another? It seems to me that you would have to assume that the electron knows
beforehand where it is going to stop.

In 1923 French nobleman Louis de Broglie (1892–1987) suggested that matter also had a wavelength
associated with it. He was intrigued by the fact that light exhibited both wavelike and particle-like
properties, and on this basis proposed that matter may also exhibit wavelike properties. This work was done
as his PhD thesis. De Broglie proposed that the wavelength of a particle, 𝜆, is related to its momentum, p,
according to the following equation:

𝝀 = h
p
= h
mv

where 𝝀 is the de Broglie wavelength of the particle
h is Planck’s constant
p is the momentum of the particle
m is the mass of the particle
v is the velocity of the particle

The constant h, Planck’s constant, is related to the particle-like behaviour of light and has a value of
6.63 × 10−34 J s, or 4.15 × 10−15 eV s. The momentum of matter is given by the product of its mass and
velocity.

We can appreciate why the wave properties of matter are difficult to observe. Let’s calculate the de

Broglie wavelength of a 70 kg athlete running at a speed of 10 m s−1. Using the formula 𝜆 = h

mv
,

𝜆 = 6.63 × 10−34 J s

70 kg × 10m s−1

= 9.5 × 10−37 m

This wavelength is much too small for the ready observation of diffraction effects as an athlete runs
through a narrow opening! However, for a particle with a small mass, such as an electron travelling at low
speed, this is not the case. Electrons accelerated through a 100 V potential difference would have a speed
of approximately 6.0 × 106 m s−1, and because the mass of an electron is 9.1 × 10−31 kg, it would have a
momentum of:

p = mv

= 9.1 × 10−31 kg × 6.0 × 106 ms−1

= 5.5 × 10−24 kgm s−1
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The de Broglie wavelength for these electrons is:

𝜆 = 6.63 × 10−34 J s

5.5 × 10−24 ms−1

= 1.2 × 10−10 m

This wavelength has the same order of magnitude as the spacing between atoms in many crystals. When

the ratio of wavelength to slit width w,
𝜆
w
, is sufficiently large, say greater than 1

10 , for example, then

diffraction effects are readily observable.
The framework for testing to see if matter had an associated wavelength had now been constructed.

Researchers could build an apparatus to fire a beam of electrons of specific energy and hence specific
momentum and wavelength at a crystal and observe if any diffraction effects appeared.

SAMPLE PROBLEM 1

a. Calculate the de Broglie wavelength of a 10-gram snail whose speed is 0.10mm s−1.
b. How fast would an electron have to travel to have a de Broglie wavelength of 1 𝜇m?

Teacher-led video: SP1 (eles-XXXX)

THINK WRITE

a. The de Broglie wavelength is given
by the expression

𝜆 = h

p
= h

mv
,

keeping in mind that mass must be in
kilograms and velocity in metres per second.

a. 𝜆 = h

mv
.

= 6.63 × 10−34

10 × 10−3 × 0.10 × 10−3

= 6.63 × 10−33 m

b. The expression 𝜆 = h

mv
can be transposed to

make v the subject.

Thus, v = h

m𝜆
.

b. v = h

m𝜆

= 6.63 × 10−34

9.1 × 10−31 × 1 × 10−6

= 728.571
= 7.3 × 102 ms−1 (to 2 significant figures)

The speed of the electron is 7.3 × 102 ms−1.

PRACTICE PROBLEM 1
Which has the greater de Broglie wavelength: a proton (m = 1.67 × 10−27 kg) travelling at
2.0 × 104 ms−1 or an electron (m = 9.1 × 10−31 kg) travelling at 2.0 × 105 ms−1?

Finally, it is worth noting that the de Broglie wavelength associated with a piece of matter is inversely
proportional to both the speed and mass. Hence, to create matter with large wavelengths necessary for wave
properties to manifest themselves, matter has to travel slowly and have little mass. Since electrons have
a mass that is approximately 1

1800 that of a proton or neutron, it is easier to detect the wave properties of
electrons over those of other fundamental particles such as protons and neutrons.
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Video eLesson De Broglie wavelength (med-0199)

Weblink The atomic lab: electron interference

12.2.2 Matter waves show themselves
De Broglie suggested conducting an experiment to confirm whether a beam of electrons could be diffracted
from the surface of a crystal. The openings between atoms could be used as a diffraction grating in much
the same way that X-rays were diffracted by thin crystals as suggested by Max von Laue in 1912. Clinton
Davisson (1881–1958) and Lester Germer (1896–1971) directed a beam of electrons at a metal crystal
in 1927, and the scattered electrons came off in regular peaks as shown in figure 12.2b. This pattern is
indicative of diffraction taking place with individual electrons as they scattered off the crystal surface. In
fact, the wavelength determined from the diffraction experiments was exactly as predicted by the de Broglie
wavelength formula. In this way, electrons were shown to have wavelike properties. Since then, protons,
neutrons and, more recently, atoms have been shown to exhibit wavelike properties, but it begs the question:
if matter can exhibit wave characteristics, what is it that is ‘waving’? More technically, the question is: what
physical variable is it that has an amplitude and phase?

FIGURE 12.2 The Davisson and Germer experiment. (a) Electrons
emitted from a heated filament are accelerated towards the crystal
surface. The intensity of reflected electrons is recorded as the
angle of the detector is changed. (b) Electron intensity as a function
of angle.
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SAMPLE PROBLEM 2

What would be the dimensions of the array of slits required to observe diffraction of 60 gram
tennis balls travelling at 30 m s−1? What about electrons travelling at 3.0 × 106 m s−1?

Teacher-led video: SP2 (eles-XXXX)

THINK WRITE

1. To observe diffraction effects, the size
of the opening needs to be of the same
order of magnitude or smaller than the
wavelength of the waves.
Calculate the de Broglie wavelength

of the tennis ball and the electron.

The de Broglie wavelength of the tennis ball:

𝜆 = h

mv

= 6.6262 × 10−34J s

0.060 kg × 30m s−1

= 3.7 × 10−34 m
The de Broglie wavelength of the electron:

𝜆 = h

mv

= 6.6262 × 10−34 J s

9.109 × 10−31 kg × 3.0 × 106 ms−1

= 2.4 × 10−10 m
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2. State the order of magnitude of the de
Broglie wavelength of the tennis ball
and the de Broglie wavelength of the
electron.

The de Broglie wavelength of the tennis ball is of
the order of 10−34 m and that of the electron is of
the order of 10−10 m.

3. Answer the question. The distances between atoms in a crystal are of
the order of 10−10 m, so we could observe
diffraction and interference when these electrons
are scattered from a crystal. It is not surprising
that we never observe diffraction and interference
effects with tennis balls, due to the extremely
small wavelength, 10−34 m, that they have.

PRACTICE PROBLEM 2
At what speed would neutrons (mass = 1.67 × 10−27 kg) have to be moving for them to demonstrate
diffraction effects when passing through an array of slits of width 1 𝝁m?

SAMPLE PROBLEM 3

What voltage is required to accelerate electrons to a speed of 3.0 × 106 m s−1?
Teacher-led video: SP3 (eles-XXXX)

THINK WRITE

To accelerate electrons to a speed of
3.0 × 106 m s−1, we need to calculate the work
done by a voltage V.

ΔEk electron =
1

2
mev

2

ΔEk electron = −ΔEp electron

= qeV

⇒V = mev
2

2qe
where qe is the magnitude of the charge of the
electron.

V = mev
2

2qe

=
9.109 × 10−31kg ×

(
3.0 × 106 ms−1

)2
2 × 1.6 × 10−19 C

= +26V
So, only 26 V is required to accelerate
an electron to 3 × 106 m s−1.

PRACTICE PROBLEM 3
Calculate the speed of electrons accelerated from rest by an electron gun whose voltage is set at 13 V.

12.2.3 Electrons through foils
Intense, creative interest in fundamental physics ran in the Thomson family. Remember, it was J.J.
Thomson whose ingenious experiment yielded the measurement of the charge-to-mass ratio of the electron.
At that time, there was no doubt that electrons were extremely well modelled as particles. However, G.P.
Thomson, son of J.J., continued the exploration of the wave properties of electrons. He fired electrons
Pdf_Folio:6
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through a thin polycrystalline metallic foil. The electrons had a much greater momentum than those used by
Davisson and Germer. They were able to penetrate the foil and produce a pattern demonstrating diffraction
of the electrons by the atoms of the foil — further evidence for wavelike behaviour of electrons. The
polycrystalline nature of the foil results in a series of rings of high intensity. A single crystal would produce
a pattern of spots. Thomson used identical analysis techniques to those used for diffraction of X-rays
through foils, to confirm the de Broglie relationship.

Both Thomsons were awarded Nobel prizes — J.J. in 1897 for measuring a particle-like characteristic of
electrons, and G.P. in 1937, together with C.J. Davisson, for demonstrating their wave properties.

FIGURE 12.3 Diffraction of X-rays and
electrons by polycrystalline foils

Beam of X-rays 

or electrons

Target

(powdered

aluminium foil)

Photographic

film

Just as light requires a wave model and a particle model to interpret and explain how it behaves, so too
does matter; it behaves like a particle in the sense that work can be done on it to increase its kinetic energy
under the action of forces, but matter can also be made to diffract through sufficiently narrow openings and
around obstacles. This requires a wave model and the de Broglie wavelength is used to determine the extent
of matter’s wave behaviour. It appears we need both a particle and a wave model for both light and matter.
Electrons passed through a voltage, V, acquire a kinetic energy Ek equal to qV. Since they have kinetic
energy, they also possess momentum and, according to de Broglie, a wavelength. We can determine a useful
relationship between the de Broglie wavelength of an electron (𝜆) and the accelerating voltage (V ) used.

By equating the kinetic energy of the electron (Ek) to the work done by an accelerating voltage acting on
an electron (qeV ), we get:

Ek =
1

2
mev

2 = qeV

mev
2 = 2qeV

m2
ev

2 = 2meqeV

The left-hand side is just the square of the momentum of the electron, and hence by taking the square
root of both sides:

p =√2meqeV

or

p = √2meEk,

remembering that Ek is equal to qeV.
Pdf_Folio:7
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Since the de Broglie wavelength 𝜆 is given by
h

p
, it follows that:

𝝀 = h

√2meqeV
= h

√2meEk

where h is Planck’s constant
me is the mass of an electron
qe is the charge on one electron
V is the accelerating voltage
Ek is the kinetic energy of the electron

SAMPLE PROBLEM 4

Some of the X-rays used in G.P. Thomson’s experiment had a wavelength of 7.1 × 10−11 m.
Confirm that the 600 eV electrons have a similar wavelength.

Teacher-led video: SP4 (eles-XXXX)

THINK WRITE

1. Electrons of energy 600 eV have passed
through a voltage equal to 600 V; thus, their
energy is 1.6 × 10−19 × 600 J. From this
their de Broglie wavelength can be
determined. Use the relationship:

𝜆 = h

√2meEk

𝜆 = h

√2meEk

= 6.63 × 10−34

√2 × 9.1 × 10−34 × 1.6 × 10−19 × 600
= 5.0 × 10−11 m

2. Answer the question. The de Broglie wavelength of 5.0 × 10−11 m
is a similar value to the 7.1 × 10−11 m
wavelength of the X-rays.

PRACTICE PROBLEM 4
a. X-rays of wavelength 0.053 nm are used to investigate the structure of a new plastic. If a

beam of electrons is to be used instead of X-rays, what voltage should be used to accelerate
these electrons?

b. Which has a greater wavelength: a 100-eV photon or a 100-eV electron?

SAMPLE PROBLEM 5

Consider a photon and an electron that both have a wavelength of 2.0 × 10−10 m.
a. Calculate the momentum of the photon and the electron. What do you notice?
b. Calculate the energy of the photon and the electron. What do you notice?
c. Summarise what you have found concerning the momentum and energy of a photon and an

electron with the same wavelength.
Teacher-led video: SP5 (eles-XXXX)
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THINK WRITE

a. 1. The momentum of the photon and the electron are

governed by the same equation, namely p = h

𝜆
.

Hence, both the photon and the electron will have
the same momentum because they have the same
associated wavelength.

a. p = h

𝜆

= 6.63 × 10−34

2.0 × 10−10

= 3.3 × 10−24 N s

2. Write your observations. We notice here that both the photon
and the electron have the same
momentum.

b. 1. To determine the energy of an object from its
momentum, we now have to ask if it is a photon or
an object with mass. The relations are different. For
the photon, E = pc. For the electron, however,

E = p2

2m
.

b. Energy of the photon:
E = pc

= 3.3 × 10−24 × 3.0 × 108

= 9.9 × 10−16J or 6.2 keV
Energy of the electron:

E = p2

2m

=
(
3.3 × 10−24

)2
2 × 9.1 × 10−31

= 6.0 × 10−18J or 37 eV
2. Write your observations. The electron has substantially less

kinetic energy than the photon, even
though they have the same
momentum.

c. Summarise your observations from parts a and b. c. Light and matter with the same
wavelength will have the same
momentum, and vice versa. However,
when photons and electrons have the
same momentum, they will not
necessarily have the same energy. In
this problem, the photon has
substantially more energy than the
electron.

PRACTICE PROBLEM 5
Consider a photon and an electron that both have a wavelength of 1.0 × 10−10 m.
a. Calculate the momentum of the photon and the electron. What do you notice?
b. Calculate the energy of the photon and the electron. What do you notice?

12.2 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.
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1. Calculate the de Broglie wavelength of the following particles.
(a) A proton travelling at 3.0 × 107 m s−1

(b) An electron accelerated by a voltage of 54 V, the voltage used by Davisson and Germer in their electron
diffraction experiment

(c) A tennis ball (m = 0.20 kg) moving with a speed 50 m s−1

2. In X-ray tubes, the electric potential energy of electrons is transformed into the energy of X-ray photons.
Consider a beam of electrons accelerated through 5.0 kV from rest, which rapidly decelerate when they
collide with the anode of the tube.
(a) What is the kinetic energy of these electrons as they reach the anode, in joules?
(b) If the entire energy of each electron is transformed into the energy of a single photon, what is the

wavelength of the resulting X-rays?
3. Explain what William L. Bragg meant when he said, ‘On Mondays, Wednesdays and Fridays light behaves

like waves, on Tuesdays, Thursdays and Saturdays like particles, and like nothing at all on Sundays’. Is this a
good description of the behaviour of light?

4. A beam consists of electrons with speed 2.5 × 106 m s−1 inside an evacuated tube. The beam is directed
towards a thin crystal of sodium chloride that can act as a diffraction grating. The spacing between atoms
for this crystal is 2.8 × 10−10 m.
(a) Calculate the momentum and the de Broglie wavelength for electrons in the beam.
(b) By comparing the wavelength to the atomic spacing, discuss whether or not the electrons would diffract

significantly.
5. Electrons may display wave properties and diffract when passed through narrow openings. In a particular

experiment, a scientist uses an electron gun to direct a beam of electrons towards a crystal. It is thought
that the spacing between the atoms in the crystal is about 5 × 10−10 m. He adjusts the accelerating voltage
of the electron gun to 3.0 kV.
(a) Find the energy of electrons in the beam in eV and in J.
(b) Calculate the momentum and hence the de Broglie wavelength of the electrons.
(c) Determine whether or not the scientist should expect to observe significant diffraction effects.
(d) How should the scientist adjust the accelerating voltage to make electrons diffract significantly when

passing through the crystal?
He now decides to use photons to obtain the same diffraction pattern when passing a beam of

photons through the same crystal.
(e) What wavelength, and hence momentum, photons should he use?
(f) What is the energy of these photons? Give your answer in eV and in J.

6. Calculate the speed of an electron that has the same de Broglie wavelength as a photon of red light whose
frequency is 4.5 × 1014 Hz.

7. An electron and a proton are accelerated through the same potential difference.
(a) Which will have the greater de Broglie wavelength?
(b) Using a potential difference of 1000 V, calculate the de Broglie wavelength for both an electron and a

proton.
The mass of a proton is 1.67 × 10−27 kg.

8. Electrons can be accelerated with a potential difference in an electron gun. In order to make a beam of
electrons whose de Broglie wavelength is 2.0 × 10−10 m, what potential difference must be used?

9. Which has the shorter wavelength, a 10 eV electron or a 10 eV photon?

To answer Past VCAA exam questions online and to receive immediate feedback and sample responses for
every question go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.
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12.3 Emission and absorption spectra

KEY CONCEPTS
• explain the production of atomic absorption and emission line spectra, including those from metal vapour
lamps

• interpret spectra and calculate the energy of absorbed or emitted photons: ∆E = hf
• analyse the absorption of photons by atoms, with reference to
• the change in energy levels of the atom due to electrons changing state

• the frequency and wavelength of emitted photons: E = hf = hc
𝜆

• describe the quantised states of the atom with reference to electrons forming standing waves, and explain
this as evidence for the dual nature of matter

12.3.1 Atoms emit photons
If you dip a loop of wire into a solution of common salt in water and then place the loop in the flame of
a Bunsen burner, you will see that, where the flame touches the loop, it is transformed from blue into
glorious gold. If you then place two slits in a line to convert the light from the flame into a beam and
use a prism to disperse the light from the beam and a telescope to take a good look at the results, you
would be following in the steps of the scientists who developed the field of spectroscopy. You would have
constructed a spectrometer, which could show you that spectra produced by solutions of sodium chloride
and sodium carbonate both look like the spectrum shown in figure 12.4. Sodium atoms in the flame produce
the spectrum, and it is identical to the spectrum observed when an electric current is passed through a
container of sodium gas at low pressure. Spectrometers were used in the early 1860s to identify two new
elements, rubidium and caesium, from unidentified colours in the spectrum of the vapour of mineral water.

FIGURE 12.4 A simple spectrometer
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FIGURE 12. 5 (a) Sodium vapour street light (whose spectrum is dominated by its yellow emission lines),
(b) characteristic colour of sodium flame, (c) visible line spectrum of sodium atoms, and (d) visible line spectrum
of hydrogen atoms

(a) (b)

(c) (d)

The colours in the spectrum produced by atoms in this way have become known as spectral lines because
of the sharp lines they produce on the photographic plate in a spectrometer. These photographs are known
as emission spectra.

The fact that the spectrum of an element is its ‘fingerprint’ makes it possible to detect tiny traces of
elements in complex mixtures, and for astronomers to use the light emitted by remote stars to identify
elements in the stars. Of more interest to us here is the contribution that line spectra make to developing our
understanding of both the structure of matter and the behaviour of light. The key is the sharp line nature of
the spectra. Sharp lines have precise wavelengths and, in the photon model for light, this indicates precise
photon energies. So line spectra tell us that a particular type of atom emits light energy in quite specific
fixed amounts. This behaviour is remarkably different to that of a hot filament and other incandescent light
sources, which emit a continuous spectrum of light with a range of wavelengths.

Any model of atomic structure must be able to explain the behaviour of the atom leading to discrete
emission spectra. In 1911, Ernest Rutherford, an eminent New Zealander who directed the Cavendish
laboratory at Cambridge, established that electrons revolved around a nucleus, with most of the atom being
empty space. Then in 1913, Niels Bohr, a Danish physicist, proposed what was then a revolutionary modelPdf_Folio:12
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for the behaviour of these atoms and electrons. His model provided the basis for our current understanding
of atoms. The hydrogen atom — the simplest, with just a single electron revolving around a proton — was
the initial testing ground for Bohr’s model. The discussion that follows focuses on the hydrogen atom.

Bohr’s model had two main ideas.
1. Each atom has a number of possible stable states, each state having its own characteristic energy. In

each atomic state, the electron is in a stable orbit around the nucleus. The electron obeys Newton’s
laws of mechanics but does not radiate electromagnetic waves as predicted by Faraday. (This idea of
Bohr’s was radical. Electromagnetic theory predicted that an orbiting electron would radiate
electromagnetic radiation continuously, losing energy and spiralling into the nucleus.) The energy of
these states may be imagined as the rungs on a ladder. The energy of the atom must lie exactly on a
rung of the ladder, and never between. We say that the energy levels are discrete, or quantised. The
energy ladder diagram for hydrogen is shown in figure 12.6a.

FIGURE 12.6 (a) Atomic energy level view of the spectral series of hydrogen (visible colours are shown
as coloured arrows), and (b) electron orbit view of the spectral series of hydrogen as illustrated in (a).
These lines are seen in the spectrum in figure 12.5d.
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negative energy:

electron bound

in atom

(a)

0          

–0.5

–0.9

–1.5

–3.4

–13.6

energy (eV)

(b)

2. An atom can jump up or down from one state to another, corresponding to the transfer of the electron
from one orbit to another. When the atom drops to a state having a lower energy, a photon is emitted
whose energy is equal to the energy loss of the atom. Alternatively, an atom may absorb a photon,
raising the energy of the atom in the process. The energy of the photon must exactly match the energy
difference between the current state of the atom and one of the higher energy states it is allowed to
jump to. The energy of the photon absorbed or emitted can be determined using Planck’s equation for
the energy of a photon:

𝚫E = hf = hc
𝝀

where 𝚫E is the energy of the photon produced
h is Planck’s constant
f is the frequency of the photon
c is the speed of light
𝝀 is the wavelength of the photon.
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Emission and absorption of photons are illustrated in figures 12.7a and 12.7b respectively.

FIGURE 12.7 (a) Emission of light: Ephoton = hf = ∆E = Einitial − Efinal

(b) Absorption of light: Ephoton = hf = ∆E = Efinal − Einitial

Energy

Photon emitted: hf

Einitial

Efinal

(a)

Energy

Photon absorbed: hf

Einitial

Efinal

(b)

Atoms can gain energy in other ways. Absorption of energy can occur during a collision of an atom with
an electron, the process operating in a discharge tube, or a collision with an ion (as occurs in a flame).

States of the atom are commonly labelled using the terms ground state for the lowest energy state,
followed by the excited states at higher energy, often labelled first excited state, second excited state, and
so on. The most common choice for the zero of energy is the energy of an electron and proton that are
completely free from one another — that is, stationary, at an infinite separation. Using this scale, the energy
of an electron bound to a proton in a hydrogen atom is negative. The system of a stationary proton and a
separated, freely moving electron has a positive energy that is equal to the kinetic energy of the electron.

Let us examine how this explains the emission spectrum of hydrogen. Most hydrogen atoms at room
temperature are in the ground state. In flames or discharge tubes, atoms are raised to excited states by
collisions with other particles. For example, in figure 12.6a, the atom has first been excited into its fourth
excited state where it has an energy of −0.5 eV. This is indicated by the upward arrow on the left-hand
side of the diagram. Cascading transitions to the ground state are then possible, with a photon emitted
during each transition. These are indicated by the downward arrows. This model of atomic structure neatly
accounted for emission spectra.

SAMPLE PROBLEM 6

Consider an energy level diagram for a fictitious atom, as shown.

n = 1 ground state

n = 2 first excited state

n = 3 second excited state

n = 4 third excited state

–6.4 eV

–4.9 eV

–3.1 eV

–1.4 eV

Consider a large population of atoms all excited to the third excited state (n = 4), from which an
emission spectra is obtainable, resulting in all atoms decaying to the ground state. Calculate all
six possible energies in electron volts for photons emitted by the large population of atoms, and
arrange them in ascending order.

Teacher-led video: SP6 (eles-XXXX)
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THINK WRITE

1. There are six possible transitions:
• third excited state to ground state
• third to first
• third to second
• second to ground state
• second to first
• first to ground state.
The energy of the emitted photon is calculated by
finding the difference between the energies of the
states for each transition. The highest energy of any
photons emitted by this atom occurs when
transitioning from the 3rd excited state to the
ground state.

For the n = 4 to n = 1 transition:
Ephoton = Einitial − Efinal

= −1.4 eV − −6.4 eV
= 5.0 eV

2. The remaining five possible photon energies can be
calculated in the same way.

The remaining five calculations give
energies of:
• 3.5 eV (third to first)
• 1.7 eV (third to second)
• 3.3 eV (second to ground state)
• 1.8 eV (second to first)
• 1.5 eV (first to ground state).

3. Arrange the photon energies in ascending order. Arranged in ascending order, the six
photon energies are 1.5 eV, 1.7 eV,
1.8 eV, 3.3 eV, 3.5 eV and 5.0 eV.

By collecting an emission spectrum containing many discrete spectral lines and establishing the photon
energy associated with each line, it is possible to work backwards to construct an energy level diagram for
an atom.

PRACTICE PROBLEM 6
Consider an energy level diagram for a fictitious atom, as shown.

n = 1 ground state

n = 2 first excited state

n = 3 second excited state

n = 4 third excited state

0 eV

0.8 eV

2.7 eV

3.9 eV

a. Calculate the highest energy and hence the frequency of a photon emitted by this atom in the
n = 4 state.

b. Calculate the lowest energy and hence the frequency of a photon emitted by this atom in the
n = 3 state.
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SAMPLE PROBLEM 7

What is the shortest wavelength of light emitted by hydrogen atoms that were initially excited
into the third excited state? The energies of states of the hydrogen atom are shown in the
following table.

H atom state Energy (eV)

Third excited state n = 4 –0.85
Second excited state n = 3 –1.51
First excited state n = 2 –3.40
Ground state n = 1 –13.61

Teacher-led video: SP7 (eles-XXXX)

THINK WRITE

Light of the shortest wavelength is
emitted when the photons have the
greatest energy (when the atoms
experience the greatest possible
energy change). This will be the
transition to the ground state.

For n = 4 to n = 1 transition:
Ephoton = Einitial − Efinal

= (−0.85 eV) − (−13.61 eV)
= 12.76 eV
= 12.76 eV × 1.6021 × 10−19 J eV−1

= 2.0 × 10−18 J (calculator says 2.044 28 × 10−18 J)

𝜆photon =
hc

Ephoton

= 6.6262 × 10−34 J s × 2.9979 × 108 m s−1

2.044 28 × 10−18

= 9.7 × 10−8 m.
This is ultraviolet radiation.

PRACTICE PROBLEM 7
What is the lowest frequency and hence longest wavelength light emitted by hydrogen atoms that
were initially excited to the third excited state? The energies of the states of the hydrogen atom are
found in sample problem 7.

12.3.2 Atoms absorb photons
Atoms also absorb light. They absorb those particular wavelengths they would emit if the gas were excited.
These are the frequencies that correspond to the differences in energy between the energy levels in the
atoms. An absorption spectrum is a continuous spectrum with a series of dark lines indicating missing
frequencies. Absorption spectra are produced by placing a sample of a gas in front of a continuous
spectrum source, as shown in figure 12.8.

The atoms making up the gas absorb particular wavelengths, raising electrons within the atoms into
excited states. The electrons drop back to the ground state, emitting photons but now in all directions. This
means that the original beam of light has very little of those absorbed colours. The continuous spectrum
has dark bands. Generally, the dark bands in an absorption spectrum correspond to the bright lines in an
emission spectrum of the same gas if it were hot.
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FIGURE 12.8 Absorption spectra are produced by a cool gas absorbing particular wavelengths
of light. The light source is a continuous spectrum, and the absorption spectrum consists of a
series of dark lines corresponding to missing wavelengths.

Absorption spectrum

This light is

deficient in

certain wavelengths.

Incandescent

bulb producing

continuous

spectrum

Cool gas absorbs

certain wavelengths

and re-emits them

in all directions.

Comparing emission and absorption spectra
As they rely on the same energy level structure, the emission and absorption spectra often appear to be
negatives of one another. However, there are differences.

The emission spectrum usually includes lines missing from the absorption spectrum of the same element.
For example, the emission spectrum of the hydrogen atom includes lines for transitions to all states of
the atom. The absorption spectrum of hydrogen atoms at room temperature, however, contains lines in
the ultraviolet region only, each line linked to a transition beginning at the ground state. This is because
virtually all atoms are in the ground state at room temperature — to begin with only 1

10171
are not! The

spectrum of hydrogen in the Sun is a different story. The surface temperature of 6000 K is hot enough
for the proportion of atoms in the first excited state to rise to 1

108
. Not large, but large enough for their

absorption spectrum to be detected.
Series of lines in an absorption spectrum converge on a particular wavelength. This wavelength

corresponds to the photon energy equal to the ionisation energy of the electron. All light with shorter
wavelengths than this limit, and therefore greater photon energy, can be absorbed, removing the electron
from the atom completely. As there is no restriction on the energy of a free electron, all photons having
energy above the ionisation energy can be absorbed so all light with wavelengths below the limit may be
absorbed. This is another example of the photoelectric effect where a minimum photon energy must be
reached before electrons will be ejected.
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FIGURE 12.9 (a) Part of the emission spectrum for hydrogen. The
only region of the spectrum shown is that in which transitions
to the ground state appear. (b) The absorption spectrum for
hydrogen. The transfer of photon energy to eject an electron is
labelled ‘ionisation’. All wavelengths less than the limiting value
(that is, photons with energy greater than the limiting value) can be
absorbed.
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AS A MATTER OF FACT
A hydrogen electron in a stable or stationary state does not move in a circular, or even an elliptical, orbit around
the proton — its distance from the proton changes continuously.
In fact the words ‘circular’, ‘elliptical’ and ‘distance’ become inappropriate when we consider an electron not

as a particle but as some type of wave phenomenon. To understand and account for emission and absorption
spectra, it is better if we think of an electron as having no specific location or path; instead, there is only a
probability of locating it at various positions. This unpredictability is ultimately related to Heisenberg’s uncertainty
principle, which asserts that it is not possible to precisely measure both the location and the motion of any object
at the same time. This realisation is the cornerstone of contemporary physics and the foundation of quantum
mechanics.
The most probable distance from proton to electron is 5.29 × 10−11m, corresponding to the peak in the

probability density curve.
This distance is called the Bohr radius and is often quoted as the ‘radius’ of the hydrogen atom. It can be

useful to think of the hydrogen atom as having a spherical cloud of negative charge surrounding the proton,
representing the unpredictable motion of the electron. The diminishing density of the cloud at large distances
from the proton indicates that the electron is less likely to be there.
While the proton–electron distance is not fixed or predictable for a particular state of the atom, the total energy

of the atom is predictable. As the electron weaves its intricate path around the proton, its kinetic energy changes,
being greater when the electron is closer to the nucleus. However, the total energy does not change. There is a
transformation between the kinetic energy and electric potential energy. Electric potential energy increases as
kinetic energy decreases, and vice versa, keeping the total energy constant.
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FIGURE 12.10 (a) The probability of finding an electron a certain
distance from the nucleus, and (b) the cloud picture of a hydrogen
atom
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12.3.3 Electrons, atoms and standing waves
Individual electrons act like waves when they are diffracted by atoms in crystals. Do electrons in the atoms
also exhibit wavelike properties? They certainly do! Thinking of electrons behaving like waves solved
the puzzle of stationary states. This wave model for electrons that are bound within atoms also neatly
explained why atoms absorb and emit photons of only particular frequencies, and provided the answers
to Rutherford’s questioning of the Bohr model of the atom. In essence, only waves whose de Broglie
wavelength multiplied by an integer (n𝜆) set equal to the circumference of a traditional electron orbit
are allowed to exist due to these waves being the only ones able to constructively interfere to produce a
standing wave. De Broglie speculated about the electron in a hydrogen atom displaying wavelike behaviour
in 1924. A complete description of the hydrogen atom awaited a more sophisticated mathematical treatment
called quantum mechanics. The fundamentals of this model were developed by Erwin Schrödinger and
Werner Heisenberg later in the 1920s.

Louis de Broglie pictured the electron in a hydrogen atom travelling along one of the allowed orbits
around the nucleus, together with its associated wave. In de Broglie’s mind, the circumference of each
allowed orbit contained a whole number of wavelengths of the electron-wave so that it formed a standing

wave around the orbit. Thus, n𝜆 = 2𝜋r or 𝜆 = 2𝜋r
n

fixes the allowed wavelength. An electron-wave whose

wavelength was slightly longer, or shorter, would not join onto itself smoothly. It would quickly collapse
due to destructive interference. Only orbits corresponding to standing waves would survive. This is shown
in figure 12.11. The concept is identical to the formation of standing waves on stringed instruments.

It is worth noting that the standing waves produced on a stringed instrument of length l have a series of

possible wavelengths 𝜆n =
2l

n
where n is a positive integer (1, 2, 3 and so on). This series of wavelengths

is called a harmonic series. At this level of physics, which is only an introduction to the conceptual nature
of quantum mechanics, the harmonic series provides for a series of associated momenta that are discrete
in value. This in turn provides for a series of energy states that are also discrete. This connection is in
complete agreement with the observation of emission and absorption spectra. When you pluck a guitar
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string, only certain frequencies are produced. Likewise, when you energise an atom, only certain energy
levels are sustainable, resulting in the emission of well-defined frequencies of light in the form of individual
photons.

FIGURE 12.11 A model of the atom showing the electron as a standing wave

(a) (b)
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In de Broglie’s model of the atom, electrons are viewed as standing waves. It is this interpretation that
provides a reasonable explanation for the emission spectra of atoms. It answers Rutherford’s remark to
Bohr. When a guitar string is plucked, how does it know what frequencies to vibrate at? The answer is the
following: the frequencies that equate to the standing waves with wavelengths compatible with the length of
the string.

Electrons viewed as standing waves can exist only in stable orbits with precise or discrete wavelengths.
This implies that the electrons can only have discrete quantities of momentum. This in turn implies that the
electrons can only have discrete amounts of energy. Energy transitions that are made by electrons occur
in jumps from one high-energy standing wave to another standing wave of lower energy. In this way, the
emission spectra and, hence, absorption spectra can be understood as arising from transitions between
quantised energy levels due to electrons having a wavelike character.

It’s a consistent story — light displays both wave and particle behaviour and so do electrons and all
other forms of matter. The two models are complementary. You observe behaviour consistent with wave
properties or particle properties, but not the two simultaneously. Remember how William Bragg expressed
it: ‘On Mondays, Wednesdays and Fridays light behaves like waves, on Tuesdays, Thursdays and Saturdays
like particles, and like nothing at all on Sundays’. This delicate juggling of the two models by both light and
matter is known as wave–particle duality.

There have been many conceptual hurdles for physicists in arriving at this amazingly consistent view
of the interaction between light and matter. Their guiding questions always kept them probing for the
evidence. Observations and careful analysis gave them the answers. Imagination, creativity and ingenuity
were vital in their search for a more complete picture of light and matter.

We now know that both light and matter can exhibit both wavelike and particle-like behaviour, depending
on the types of experiments performed. For example, when light strikes a material object, it transfers energy
as if it is a particle (the photoelectric effect), but when light passes through a narrow opening or a pair
of slits, it acts as if it is a wave. Likewise, matter can have work done on it via well-understood forces
accelerating it, but matter can also be diffracted when it passes through a crystal, producing diffraction
patterns similar to those of X-rays. Also, the behaviour of electrons within atoms can only be understood
by treating them as a type of wave phenomena.
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A more detailed model for the seemingly paradoxical result of both wavelike and particle-like behaviour
for both light and matter was developed in the 1910s and 1920s. The model is called quantum mechanics
and, in it, wave and particle behaviour for both light and matter are unified successfully.

12.3 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. In what way is the reddish glow of light from a dying fire different from the reddish glow of a neon discharge
tube?

2. Explain why spectral lines in the emission spectrum of an element correspond to absorption lines in an
absorption spectrum for the same element.

3. A beam of red and green light appears yellow to a normal human. How could an experiment be devised to
decide whether a beam of light that appeared yellow was in fact spectral yellow light or a mixture of red and
green light?

4. There are two common ways of depicting the energy levels of an atom. In one method, the ground state is
taken to be zero energy and, in the other method, the ionisation energy is taken to be zero. The first excited
state of mercury atoms is known to be 4.9 eV above the ground state, the second excited state is 6.7 eV, the
third excited state is 8.8 eV, and the ionisation energy is 10.4 eV above the ground state. Using the second
method, where the ionisation energy is taken as 0 eV, give the energies of the ground state and the first three
excited states. Note: Your values will be negative numbers, and a drawing of the energy level diagram will
assist you.

5. Hydrogen is the name given to the atom consisting of the least number of particles — one proton and one
electron.
(a) Explain what the word ‘ground state’ means when used to discuss atomic structure.
(b) Draw a diagram representing the first five energy levels (the ground state plus the first four excited states)

in a hydrogen atom with the energy axis drawn to scale and each energy level given based on the ground
state (taking the ground state as having zero energy). Use the electron volt as the energy unit. As a
starting point, the ionisation energy of hydrogen is 13.6 eV, but you will need to find additional
information via the internet or some other source.

(c) Conduct research to find out about the Balmer series, the name given to a group of lines that appears in
the emission spectrum of hydrogen.

6. Fill in the gaps in the following table.

Element (nm) f (Hz) E (J) E (eV) p (N s)

Red light 3.1 × 10−19

Electron 1.96

Blue light 405

Electron 405

7. The ground state and the first three excited states of hydrogen are shown in the following diagram. An
emission spectrum of hydrogen gas shows many different spectral lines.
(a) Copy the diagram and label the ground state and first three excited states.
(b) Draw arrows to represent all six possible transitions that may occur when hydrogen atoms in states lower

than the fourth excited state emit a photon of light.
(c) Calculate the energy of each of the six possible photons.
(d) Determine the wavelength of the photon having the least and greatest energy in your answer to part (c).

Pdf_Folio:21

TOPIC 12 Light and matter 21

UNCORRECTED PAGE PROOFS



“c12LightAndMatter_print” — 2019/6/20 — 20:22 — page 22 — #22

Energy

(eV)

12.8

12.1

10.2

0

8. Explain why there are dark lines in an absorption spectrum of
a gaseous sample. Why are those particular colours missing
from the otherwise continuous spectrum of light passed
through a gaseous sample?

Energy

(eV)

0

–0.77

–1.37

–3.01

–5.12

Ionisation

n = 4

n = 3

n = 2

n = 1

9. When sodium chloride (common salt) is placed in a flame, the
flame glows bright gold. The following diagram shows some
of the energy levels of a sodium atom.
(a) On a copy of the diagram, label the ground state of the atom,

and the first excited state.
(b) Draw arrows to represent the change in energy of atoms

in the ground state that absorb energy during collisions
with other particles in the flame.

(c) Calculate the wavelength of light emitted by these atoms as
they return to the ground state in a single jump. Which energy
change is responsible for the yellow glow?
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To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.4 Making light

KEY CONCEPTS
• compare the production of light in lasers, synchrotrons, LEDs and incandescent lights.

We can now summarise all of the ways in which light can be made.
Visible light is one part of the electromagnetic spectrum (see figure 12.12).

FIGURE 12.12 The electromagnetic spectrum
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12.4.1 Accelerating charged particles
FIGURE 12.13 The magnetron
of a microwave oven generates
electromagnetic waves at the
resonant frequency of water
molecules. This makes the
molecules vibrate faster and
increases the temperature of the
food.
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Fan
Magnetron

Waves from
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Accelerating charged particles emit electromagnetic radiation.
Radio and television transmitters are examples of this. They
generate radio waves by driving a high-frequency electric current
up and down an aerial. In contrast, X-rays are generated when
fast-moving electrons decelerate on striking a target — for
example, in an X-ray machine or in a CRT television screen.
In contrast yet again, a high-frequency oscillator generates
microwaves by rapidly reversing the direction of an electric
current — for example, in the magnetron of a microwave oven.

12.4.2 Thermal radiation — randomly
accelerated charged particles
Thermal radiation is the range of radiation given off by an object
due to its temperature. It results from the thermal movement of
atoms and from collisions between the outer-shell electrons of
adjacent atoms.

Whenever a force is applied to an electron, the electron will
accelerate and emit a photon. Collisions between atoms can cause
the outer-shell electrons to accelerate and thus emit photons. This
is known as thermal radiation. The spectrum of thermal radiation
depends on the distribution of speeds of the atoms in the material.

If a material is opaque (cannot be seen through), it radiates a continuous spectrum. This spectrum has a
peak value at a wavelength that depends on the temperature of the material. As the temperature increases,
the wavelength emitting the greatest number of photons decreases. Figure 12.14 shows how the intensity
of radiation is distributed over a range of wavelengths for an ideal black body at different temperatures.
Note that the overall intensity increases as the temperature increases, and that the wavelength with the peak
intensity decreases as the temperature increases. The thermal spectrum of a black body is continuous. This
is different to the line emission spectrum for individual atoms.

FIGURE 12.14 Thermal radiation for an ideal black body
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12.4.3 Incandescent light sources
Incandescent light sources emit light because of their temperature. They are thermal sources. Stars, candles
and light bulbs with filaments are all incandescent light sources.

As an iron rod is heated in a furnace, its temperature increases. At first it emits radiation only in the
infra-red part of the electromagnetic spectrum. As it gets hotter, it starts to emit red light. It continues to
heat up and emits more light in the visible region of the spectrum until it becomes white hot.

The colour of gases in a flame indicates the temperature of the flame. The blue part of a Bunsen burner
flame is the hottest. Blue light has a shorter wavelength and more energy than red light. The light emitted by
a candle is caused by the thermal motion of the atoms and molecules in the gases of the flame.

Incandescent light bulbs emit light by using an electric current to heat a tungsten filament. Tungsten is
used because it is a metal and has a high melting point. The range of colours of light emitted depends on
the temperature of the filament. The atoms in the filament vibrate violently when an electric current passes
through it. Collisions between outer-shell electrons produce the light. Incandescent light bulbs are filled
with an inert gas so that the metal in the filament will not be able to take part in chemical reactions and
disintegrate. The filament reaches temperatures greater than 2600 °C.

12.4.4 Fluorescent light sources

FIGURE 12.15 Fluorescence
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Fluorescence occurs when an atom is excited from one energy
state to another by the absorption of a photon — it might then
return to the ground state by making two or more jumps. This
can occur only if there are two or more allowable energy states
in between. At each jump, the atom may emit photons with a
smaller energy and frequency than the absorbed photon. This
process is known as fluorescence.

Many non-incandescent light sources are used for indoor
and outdoor lighting. Most of these produce visible light
when an electrical current passes through a gas at a very
low pressure. The gas is contained in a glass tube with
electrodes at each end. The atoms or ions of the gas become
excited when they collide with electrons emitted by the
electrodes. This means that electrons in the atoms or ions
are sent into a high energy level. When they fall to lower
states, they emit photons of light. Some of these photons are in the visible part of the electromagnetic
spectrum. This process produces a line emission spectrum that is unique for each gas.

Examples of the gases used in discharge tubes include the noble gases (neon, argon and xenon), and
metal gases such as sodium (used in streetlights) and mercury (found in household fluorescent tubes). Each
gas produces characteristic colours that are determined by the colours present in the line spectra. This
is why sodium streetlights are yellow and neon lights are red. Mercury gas discharge tubes mainly emit
ultraviolet light.

FIGURE 12.16 Gases excited by electrical discharge produce line
emission spectra such as these for sodium, mercury and neon,
shown from top to bottom respectively.

Increasing wavelength
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Household fluorescent light tubes are filled with mercury vapour and argon gas at low pressures. The
tubes are coated on the inside with phosphor particles. Phosphor particles absorb ultraviolet light and later
re-radiate the energy as visible light by the process of fluorescence. You may have noticed that fluorescent
lights keep glowing for several minutes after they are switched off. Fluorescent lights use less electrical
power to produce the same amount of illumination as incandescent light bulbs; therefore, they cost less to
run. Energy efficient lights are usually thin fluorescent light tubes bent into a compact shape and mounted
so they can be fitted to the light sockets used for incandescent globes.

FIGURE 12.17 A household fluorescent light tube

Starter

ElectrodeElectrode

Phosphor coating

Glass 

tube

Mercury vapour

Ballast

(coil of 

wire)

Electron flow

Argon gas

The following figure shows the spectra from some common light sources. The Sun and a tungsten
filament lamp have the continuous spectrum of thermal emitters, whereas a mercury vapour lamp has the
line spectrum of a fluorescent light source.

FIGURE 12.18 Spectra from some common sources of visible light
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12.4.5 Light-emitting diodes
You should recall from Year 11 that a light-emitting diode (LED) is a small semiconductor diode
that emits light from its p–n junction when it is forward biased and a current passes through it.
Semiconductors are materials whose properties are midway between those of a good conductor and a good
insulator. LEDs are used as light sources in optical-fibre systems. They can be made to emit any colour (red,
green and yellow are the most common) by the choice of impurities added to the base semiconductor used
in their construction. They can turn on and off rapidly, making them suitable for transmitting digital signals.
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12.4.6 Lasers
The word laser is the acronym for ‘light amplification by stimulated emission of radiation’.

Lasers produce light in a fascinating way. Ordinary photon emission is called spontaneous emission, but
the atoms in a laser undergo stimulated emission. When an atom or ion that is already in an excited state
encounters a photon that matches its excitation energy, the atom or ion sometimes responds by dropping to
the lower energy level, emitting a photon that is identical to the first photon, in energy, phase and direction.
This process is called stimulated emission. As you might imagine, these two photons could stimulate the
emission of two more photons, resulting in four identical photons, then, eight, sixteen and so on — like a
nuclear chain reaction.

For the process to work, there must be a greater number of atoms in the upper state than in the lower
state. Often a lamp is needed to pump the laser, providing photons to excite the atoms or ions into the upper
energy level ready for stimulated emission. To increase the probability of a photon stimulating another
photon emission, the laser cavity that contains the gas has mirrors on both ends, reflecting photons back and
forth through the lasing material many times. The mirror at one end of the cavity is only partially reflecting.
The photons passing through it form the laser beam. The distance between the mirrors is a whole number of
half-wavelengths, so a standing wave is set up between them.

The colour of laser light is determined by the energy level structure of the atoms or, for some lasers, the
ions, which emit the laser’s characteristic photons.

FIGURE 12.19 (a) The bright, intense light of a laser, and (b) operation of a laser
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FIGURE 12.20 Stimulated emission produces identical photons.
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FIGURE 12.21 The energy ladder for
neon atoms in a helium–neon laser,
showing the lasing transition
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The warning signs make it clear — lasers are dangerous.
Do not look into the laser while it is on! Even though the power
rating on a helium–neon laser found in a school laboratory
is typically 1 mW compared to the 75 W of a conventional
light bulb, the laser converts that energy into light much more
efficiently. A laser also concentrates the photons it produces
into a much smaller area, delivering a much greater intensity.
Light emitted from a laser is said to be coherent because
all the photons emitted are in phase. This coherence leads
to particularly intense light due to constructive interference
between in-phase photons.

12.4.7 Synchrotron radiation
Synchrotron storage rings are designed to produce synchrotron
radiation, the electromagnetic radiation emitted when charged
particles are accelerated, generally in circular motion such as at
the Australian Synchrotron.

Synchrotron radiation is emitted as photons that form a narrow cone as they head towards the target. The
main characteristics of synchrotron radiation are:
• Spectrum. Synchrotron radiation is mostly in the form of X-rays, as they are the most useful. However,

radiation across the electromagnetic spectrum, from infra-red upwards, can be produced. The spectrum
is also continuous, which means there are no gaps or missing frequencies. Any frequency can be found
in the range.

• Brightness. The intensity of the beam is hundreds of thousands times greater than that of conventional
X-ray tubes. Brightness can be understood as the number of photons every second. It is more properly
measured as the number of photons emitted per second per square millimetre of source size, per square
milliradian of cone angle within a specific frequency range. Brightness can be as high as
1019 photon s−1 mm−2 mrad−2.

• Divergence. The beam of radiation spreads out like a cone as it travels down the beamline. Typically a
beam cone would have a cone angle of a few microradians — that is, less than half of one thousandth
of a degree.

• Polarisation. The radiation from a synchrotron is polarised.
• Duration. Synchrotron radiation comes in pulses, typically lasting about one billionth of a second.

FIGURE 12.22 Cone of radiation
showing cone angle. The size of the
cone angle is a few microradians, which
is less than half of one thousandth of a
degree.

Cone angle
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FIGURE 12.23 Brightness of different sources
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FIGURE 12.24 Brightness of
synchrotrons
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FIGURE 12.25 Spectrum of
synchrotron radiation. Note that the
shorter the wavelength, the more
energetic the photon.

107

106

105

104

103

100 101 102 103 104

P
o

w
e

r 
(n

W
)

Wavelength (nm)

134 MeV

331 MeV

TABLE 12.1 Comparisons of radiation: a synchrotron, a laser and an X-ray tube

Brightness Spectrum Divergence

Synchrotron Extremely intense Continuous and wide Very narrow

Laser Very intense Single frequency Narrow

X-ray tube Intense Narrow, continuous but not smooth Wide
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FIGURE 12.26 Brightness of different energy sources

1020

1018

1016

1014

1012

1010

108

106

10–4 10–3 10–2 10–1 100 101 102

B
ri

g
h

tn
e

s
s

Photon energy (keV)

Solar

radiation 

White light produced

by X-ray generator 

Synchrotron radiation 

produced by bending

magnets

Synchrotron radiation

produced by undulators

These features allow the X-rays to be used to investigate the fine structure of many materials — that is,
to locate specific atoms in a molecule, even a large molecule such as haemoglobin, which is found in red
blood cells. This information is of value to researchers across a range of fields, because it enables them to
answer such questions as the following:
• What are the differences between malignant and non-malignant brain tumours?
• What is the structure of material, such as semiconductor nanocrystals, which may be used in the next

generation of computers?
• What are the steps or dynamics of a chemical reaction, either an industrial situation or a biological

one?
To get some idea of how X-rays can answer these questions, we should go back in time to their discovery.

Weblink Photonics resources for teachers

12.4 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. The light from a red light-emitting diode (LED) has a frequency of 4.59 × 1014 Hz. What is the energy change
in electrons within atoms that produce this light?
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2. Light of wavelength 420 nm is absorbed by gas consisting of helium atoms.
(a) Explain in terms of energy transfer to the atom why the light is absorbed.
(b) Calculate the increase in energy of an electron within a helium atom that has absorbed a photon of

wavelength 420 nm.
3. Describe the main features of light emitted by the following objects, using these descriptors:

continuous spectrum / discrete spectrum; temperature related / temperature independent; monochromatic;
polychromatic; coherent/incoherent; and polarised/non-polarised.
(a) An incandescent light globe
(b) A candle
(c) The Sun
(d) A white-hot bar of iron
(e) A fluorescent light tube
( f) An LED
(g) A laser

4. Explain why different LEDs can emit different colours.
5. An LED emits light of wavelength 5.8 × 10−7 m. Calculate the band gap of the semiconductor material in the

LED.
6. The band gap in an LED is 1.8 eV. Calculate the average wavelength of light emitted by this LED.
7. Explain what is meant by the word ‘coherence’ when applied to photons of light.

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.5 Wave particle duality

KEY CONCEPTS
• interpret the single photon/electron double-slit experiment as evidence for the dual nature of light and
matter

• explain how diffraction from a single-slit experiment can be used to illustrate Heisenberg’s uncertainty
principle

• explain why classical laws of physics are not appropriate to model motion at very small scales

12.5.1 Photons have wave properties too
We do not need a beam of light to observe wave effects — every single photon has wave properties.
Geoffrey Taylor set out to demonstrate this in 1909, while he was a student at the University of Cambridge.
Taylor photographed the diffraction pattern in the shadow of a needle, but his photograph took three months
of light exposure to produce. He used an extremely dim source, a gas flame, together with several smoked
glass screens, to illuminate the entrance slit of a light-tight box. Taylor measured the light intensity entering
the box, and estimated that only 106 photons entered the box each second. This may not sound like a low
intensity, but with a photon speed of 3 × 108 m s−1, the average distance between photons was 300 m!

Using a box 1 m long, Taylor could be sure that rarely was there more than one photon travelling through
it at any one time, so a vast majority of photons travelled through the box unaccompanied. An image
appeared on the photographic plate after three months just as Taylor expected — a pattern of light and
dark bands in the shadow of the needle. Taylor compared it to the pattern obtained in a short time with
an intense light source and stated, ‘In no case was there any diminution in the sharpness of the pattern’.
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His experiment demonstrated that interference occurred photon by photon, and that the wave of a single
photon filled the box, interfering with itself as it diffracted past the edges of the needle.

FIGURE 12.27 Taylor’s experiment
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Taylor’s experiment invites us to imagine watching an interference pattern build up on the photographic
plate. The first few photons would produce an apparently random sprinkling of spots, each spot due to a
single photon changing the chemical state of an ion in the photographic film. As the spots accumulated,
they would start to overlap and, gradually, a pattern would emerge from the randomness. During this
process, we would never be able to predict precisely where the next photon would strike the plate. The
pattern predicted by the wave nature of the light would allow us to predict only the probability of a photon
reaching a particular point. This pattern of probabilities would be clear only after many photons had made
their mark.

FIGURE 12.28 Imagine the gradual build-up of photon spots into a
double-slit interference pattern.

(a) (b) (c) (d)

Taylor’s experiment is a beautiful demonstration of wave–particle duality. The wave and particle
characteristics of light are entangled and cannot be separated. We need both models. Sir William L. Bragg
expressed the idea in this way: ‘On Mondays, Wednesdays and Fridays light behaves like waves, on
Tuesdays, Thursdays and Saturdays like particles, and like nothing at all on Sundays’. In fact, even when
light is travelling particle by particle, its wave characteristics are there at the same time, determining the
outcome.

Similar experiments have been carried out with electrons and neutrons and, more recently, with large
molecules. In all cases, the wavelike behaviour of these individual entities when passing through openings
has demonstrated wave–particle duality in the form of diffraction effects. It seems that the entities pass
through the opening and self-interfere in the process. Importantly, they do this one entity at a time. Over
an extended period, a statistical distribution builds up of where these entities go, recorded by where they
strike a screen. The distribution is consistent with a wave model analysis for coherent waves of the one
wavelength passing through an opening, whether it is a single slit, a double slit or any complicated array
of openings.
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Video eLesson The wave–particle duality of light (eles-0028)

Interactivity The wave–particle duality of light (int-0052)

12.5.2 Heisenberg’s uncertainty principle
In the 1920s, as quantum mechanics was being developed, it become apparent that the exact location of an
object, x, and the exact momentum of the object, p, were impossible to know simultaneously with complete
precision. This applied to both light and matter. In essence, if you knew exactly where an object was, you
would not know exactly what it was doing, and vice versa. Curiously this realisation is not unlike one of
Zeno’s paradoxes, articulated over 2000 years ago, relating to the motion of an arrow. In modern terms,
the uncertainty principle can be written in terms of the uncertainty in x, ∆x, and the uncertainty in px, ∆px,
where x is the position and px is the momentum of an object parallel to the x-axis.

Before we continue, the concept of the ‘wave packet’ needs to be introduced. A wave packet is a
mathematical entity that has two features. It is a periodic function and it has an amplitude that varies. From
this function, the position of the entity can be recorded with some imprecision. The momentum of the entity
can also be recorded, since the function has a wavelength, but this also is imprecise.

FIGURE 12.29 A wave packet
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Recall that the momentum of an object is given by the equation p = h

𝜆
. If the wavelength of an object

cannot be precisely measured, then the momentum of that object is also uncertain. Figure 12.30 illustrates
two wave packets.

FIGURE 12.30 Two wave packets — on the left a packet with a large ∆x, and on the right a packet with a small
∆x
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The wave packet on the left has a large uncertainty in location —∆x is large — but the packet contains
enough information to precisely determine the wavelength and hence the momentum. In the wave packet
on the right, however, ∆x is small and, as a consequence, the wavelength cannot be as precisely determined.
Hence, there is an intrinsic uncertainty, ∆p, in being able to determine the object’s momentum.

A common form of Heisenberg’s uncertainty principle asserts that:

𝚫x×𝚫px≥
h
4𝝅

where 𝚫 x is the uncertainty in the position
∆px is the uncertainty in the momentum
h = 6.63 × 10−34 J s

As an introductory example, let us say that the position of an electron along the x-axis is uncertain to the
extent that ∆x = 1 × 10−10 m. Using the inequality introduced in the pink box, this would imply that the
uncertainty in the momentum of the electron, ∆px , was approximately 5 × 10−25 N s.

It is important to point out here that we are not discussing the position or momentum of an object, but
rather the uncertainty or inherent error in these quantities. Decreasing the uncertainty in x would serve to
increase the uncertainty in px, the momentum of the electron parallel to the x-axis. The more confined or
well-known that the electron’s position is along the x-axis, the more uncertain its motion becomes along
that axis, because its momentum becomes more uncertain. This concept can be used to appreciate why
electrons in atoms are simultaneously delocalised and their motion unpredictable. But it also helps us to
appreciate the significance of single-slit diffraction, where a beam of objects spreads out after traversing
an opening. Traditionally, these objects have been photons or subatomic particles such as electrons but,
recently in Austria, a research team succeeded in demonstrating diffraction effects using very large
molecules.

Let us now consider a beam of objects moving in a fixed direction at a steady rate but heading straight
towards a single slit of width ∆x. This opening defines not only the width of the beam as the objects move
from one side of the slit to the other side (notice we avoid saying that the objects went through the slit) but
the extent of the uncertainty, ∆x, in the direction perpendicular to the beam. Because of this confinement
associated with the width of the slit, the objects will have an uncertainty of ∆px associated with their

movement on the far side of the slit: ∆px ≥ h

4𝜋∆x
. It is clear to see that, when the width of the slit is

smaller, ∆x is smaller and that the uncertainty in the momentum, ∆px, is larger.
We should not be surprised to find objects leaving the slit with momentum directed either to the left or to

the right of the slit, in apparent violation of the conservation of momentum. This is because objects passing
through an opening may change direction due to the uncertainty principle. The smaller the opening is, the
more likely that a change in the direction of an object in the beam will occur as it emerges from the slit.

We know from diffraction experiments that reducing the width of the opening causes the diffraction
pattern to spread out, and now we have an explanation for why this is the case. The spreading out is due
to the uncertainty of the momentum of the beam of particles along the x-axis — the bigger the width of
the single slit, the smaller the uncertainty in the momentum of the objects in the beam, and the higher the
probability that they continue to travel in the same direction they were travelling in on the other side of
the slit. This relationship is illustrated in figure 12.31, where a beam of objects is incident on a single slit
of width ∆x. The beam before the slit is directed along the y-axis with no momentum in the x-axis. The
objects on the other side of the slit have an uncertainty in their momenta represented by the double-ended
arrow parallel to the x-axis due to traversing the single slit. It is the presence of the single slit that creates
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an uncertainty in the position of an object in the beam parallel to the x-axis, which in turn is associated now
with an uncertainty in the momentum of the beam along the x-axis according to the Heisenberg uncertainty
principle.

FIGURE 12.31 A beam of objects moving in the y-direction
towards a single slit with zero uncertainty in ∆px
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Again, it is important to avoid saying that the objects passed through the slit; it is simply that at one
stage they were on one side of the slit and, later in time, they were on the other side of the slit. Using this
language ensures that we avoid the problem associated with a similar double-slit experiment: that is, if an
object, be it a photon or a piece of matter, is on one side of the pair of slits and then later on the other side,
which opening did the object pass through? We also avoid any problem with a beam of objects spreading
out when traversing a narrow opening. In applying quantum mechanics to a double-slit type experiment, it
is not helpful to ask the obvious question of which slit the object passed through. Experiments designed to
measure which of the two slits an object passes through fail to simultaneously detect the interference pattern
associated with a double slit when researchers measure which opening an object passes through — just as in
a single-slit experiment researchers cannot simultaneously observe a diffraction pattern and where an object
is as it passes through the single slit.

Heisenberg’s principle can be understood on many levels, but a rigorous and sophisticated interpretation
is beyond the current course due to its mathematical complexity. A simple explanation is more helpful at
this stage. In order for the wavelength of a wave to have a measurable value, the wave should consist of
a least one cycle. The greater the number of complete cycles, the easier it is to ascertain a value for the
wavelength. For a wave of less than one cycle, the error associated with any wavelength measurement
would increase. This means that, for a small error assessment of an object’s momentum, its associated wave
should consist of many cycles: the more cycles, the smaller the error in momentum, due to a more accurate
result for the wavelength. However, a wave pulse consisting of many cycles implies that the exact location
of the object associated with the wave is more uncertain; all we know is that the object is likely to be found
somewhere between the start and finish of the wave packet. Hence, to measure what an object is doing (via
its momentum) we have to forsake knowing where it is, and vice versa.

This trade-off in knowledge, arising because both light and matter manifest both particle (localised) and
wave (delocalised) behaviours, forms the basis of the Heisenberg uncertainty principle. The uncertainty
principle spelled the end for determinism, a philosophical belief arising from Newtonian mechanics in
which the universe is considered to be a machine fully explainable by forces alone.

For the interested reader, it is worth mentioning that the variables x and px are, in fact, probability density
functions indicating the probability of finding an object at a point or the probability of having a particular
momentum. The quantity ∆x is the standard deviation of x, giving information about the distribution in
location of an object, and ∆px is the standard deviation of px, giving information about the momentum
distribution of an object in the x direction.

Finally, each of the two variables x and p is the Fourier transform of the other. The variables x and p
are referred to as complementary variables, and a Fourier transform is a mathematical process for finding
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one complementary variable given the other, for example, finding p given x or vice versa. Another pair of
complementary variables is energy, E, and time, t. Not surprisingly, there is an uncertainty principle here

as well: ∆E × ∆t ≥ h

4𝜋
. This relationship can be interpreted as stating that energy conservation may be

violated by an amount ∆E provided it is done within a time ∆t consistent with the Heisenberg inequality,
just as how momentum conservation may be violated by an amount ∆px provided it is done within an
interval of space ∆x.

It is a significant intellectual breakthrough to not only have rules about nature but also have rules about
how to break or violate those rules. You will learn more about this if you study physics at university.

SAMPLE PROBLEM 8

A research scientist is working with a beam of photons produced by a laser of wavelength
640 nm. The beam of photons is directed onto a single slit. A screen is positioned on the
other side of the slit, and a single-slit diffraction pattern is observed. Consider one of the
photons in the beam.
a. Determine the momentum of this photon in the direction of the beam and state the momentum

perpendicular to the beam before the photon reaches the slit.
b. The photons are incident on a narrow single slit of width 3.2 × 10−7 m. Calculate the

uncertainty in the momentum of the photon perpendicular to the beam when it appears on the
other side of the single slit.

c. Explain in terms of the Heisenberg uncertainty principle why a traditional diffraction pattern
would be observed in terms of the momentum in the direction of the beam compared to the
momentum uncertainty perpendicular to the beam.

Teacher-led video: SP8 (eles-XXXX)

THINK WRITE

a. 1. Use the relation p = h

𝜆
to calculate the

momentum of the photon in the direction
of the beam.

a. p = h

𝜆

= 6.63 × 10−34

640 × 10−9

= 1.0 × 10−27N s in the direction of the beam
2. Determine the momentum perpendicular

to the beam before the photon reaches the
slit.

The momentum perpendicular to the beam is
0 N s before incidence on the single slit. This
means that the uncertainty in the location of
the photon in the beam is significant and is
associated with the aperture of the laser.

b. Use the relation Δx × Δpx ≥
h

4𝜋
with ∆x = 3.2 × 10−7 and solve for ∆px.

b. Δpx ≥
h

4𝜋.Δx

≥ 6.63 × 10−34

4𝜋 × 3.2 × 10−7

≥ 1.6 × 10−28N s.
On the other side of the slit, the photon has an
uncertainty in its momentum perpendicular to
the beam of at least 1.6 × 10−28 N s.
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c. Explain in terms of the Heisenberg
uncertainty principle why a traditional
diffraction pattern would be observed in
terms of the momentum in the direction of
the beam compared to the momentum
uncertainty perpendicular to the beam.

c. Before they reach the slit, photons have
momentum parallel to the beam and zero
momentum perpendicular to the beam. They all
travel in a straight line towards the single slit.
When they appear on the other side of the slit,
they still have the same momentum in the
direction of the beam, but they now have an
uncertainty in their momentum perpendicular
to the beam. Importantly, this uncertainty
allows for the photons to have some motion
either to the left or to the right of the slit.
Momentum is a vector quantity and thus the
photons will travel in a variety of directions,
not necessarily parallel to the incident beam,
due to the narrowness of the opening being
associated with an increase in the uncertainty
of perpendicular momentum. The uncertainty

is 1.6 × 10−28 N s, which is about
1

6
of the

momentum of a photon in the beam. As a
result, diffraction will be readily observable.

PRACTICE PROBLEM 8
An experiment consists of a beam of electrons incident on an opening of order 10−10 m. What would
be the order of magnitude of the uncertainty in the momentum of electrons parallel to the width of
this opening?

12.5.3 Why classical laws of physics are unable to model motion at
very small scales
It is now clear why classical laws of physics are unable to model motion at very small scales. For large-
scale events, the uncertainty of position has an insignificant effect on the uncertainty of momentum and
vice versa. This is because Planck’s constant is too small to be of any consequence when dealing with
large objects. For example, if the uncertainty in the position of a moving cricket ball is 1 × 10−6 m, this
leads to an uncertainty in the ball’s momentum of approximately 10−28 N s. A moving cricket ball with
mass 50 g = 5.0 × 10−2 kg and speed 20 m s−1 has a momentum of 1 N s. The uncertainty in the ball’s
momentum compared to its actual momentum is negligible, in this case 1028 times smaller.

However, if we now investigate objects on very small scales, Planck’s constant becomes significant. If
the uncertainty in the position of an electron in an atom is 10−10 m, then the uncertainty in its momentum
is now of the order of 10−24 N s. An electron with energy 1 eV (1.6 × 10−19 J) has a momentum of
5.4 × 10−25 N s (using the equation p = √2mEk). In this case, the uncertainty in the momentum of the
electron is larger than the magnitude of the momentum of the electron. An experimental arrangement would
be incapable of ascertaining with any degree of certainty what this individual electron was doing, if indeed
such an experimental question could be resolved.
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For a reader new to this area of physics, they might be inclined to state that, with better and more
refined measuring equipment, the ability to measure either location or motion could be improved. But the
uncertainty principle is not about refinements in measurements; rather, it is an assertion about what can and
can’t be known simultaneously and to what level of precision — an insignificant fact when observing day-
to-day phenomena, but central to appreciating the motion of very small objects. The pathway to knowledge
is never complete but, in modern physics, a significant achievement was established in the 1920s, when the
limits to our understanding were quantified by a simple relationship that united the contradictory modelling
in terms of particles and waves simultaneously.

12.5 EXERCISE
To answer questions online and to receive immediate feedback and sample responses for every question, go
to your learnON title at www.jacplus.com.au.

1. Explain each term in the Heisenberg uncertainty inequality.
2. An electron is confined to be inside an atom of diameter 2.0 × 10−10 m. Use this size to estimate the

uncertainty in the momentum of this electron.
3. It is known that electrons do not exist inside the nucleus of an atom.

(a) Taking the size of a nucleus to be 1 × 10−15 m and using this size as the uncertainty in the position of an
electron potentially positioned inside a nucleus, calculate the uncertainty in the momentum of this
electron.

(b) If electrons can have this amount of momentum due to uncertainty, calculate the kinetic energy that

these electrons could have due to the uncertainty principle. Use the equation Ek =
p2

2m
. Express your

answer in joules and in electron volts.
(c) On the basis of your answer to part (b) and experimental evidence regarding electron energies, explain

why electrons do not occupy the nucleus.
4. A student tells you that she is perfectly still with zero momentum. Use the uncertainty principle to explain

why her position will have a relatively large uncertainty.
5. Use the concept from question 4 to argue why achieving absolute zero kelvin is unobtainable.
6. Why does a diffraction pattern spread out when the width of the single slit is reduced in size?
7. Why is significant diffraction not observable when a person walks through a doorway into a classroom?

Estimate the momentum of a person and the width of a doorway to illustrate this point by comparing the
momentum of the person with the uncertainty associated with sideways momentum due to the person
passing through the doorway.

8. Why are the classical laws of physics insufficient to deal with motion at very small scales?

To answer past VCAA exam questions online and to receive immediate feedback and sample responses for every
question, go to your learnON title at www.jacplus.com.au.

studyON: Past VCAA exam questions

Fully worked solutions and sample responses are available in your digital formats.

12.6 Review
12.6.1 Summary
• The behaviour of electrons — in particular, their deflection by electric and magnetic fields, and their

electric charge and mass — is strong evidence for the particle-like nature of electrons.
• In 1924, Louis de Broglie suggested that electrons may also exhibit wave properties under suitable

conditions. He proposed a diffraction style experiment using a beam of electrons and a crystal to act as
a diffraction grating.
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• The de Broglie wavelength, 𝜆, can be determined from the momentum, p, according to the equation

𝜆 = h

p
.

Remember also that the momentum of a particle is given by p = mv, where m is the mass and v is
the speed.

• Diffraction effects can be observed with waves when the wavelength is the size of a slit or greater.
When the wavelength is small, diffraction effects are difficult to observe.

• In 1927, Clinton Davisson and Lester Germer established the wavelike behaviour of electrons when
they performed a diffraction experiment. Not only did they observe diffraction effects, they also
established that the wavelength of the electrons in the beam was consistent with Louis de Broglie’s
prediction.

• A useful equation to determine the de Broglie wavelength, 𝜆, of an electron accelerated in an electron

gun with accelerating voltage V is 𝜆 = h

√2meVqe

where me and qe are the mass and charge of an

electron respectively.
• Atoms emit light of precise frequencies. This light, when passed through a spectrometer, is known as

an emission spectrum. The spectrum consists of a series of discrete lines.
• All atoms of the same element emit the same spectrum. Different elements produce their own

distinctive spectra.
• Absorption spectra consist of a continuous spectrum with dark lines corresponding to particular

missing wavelengths. In general, these dark lines correspond to the bright lines of emission spectra for
a particular gas.

• To account for emission spectra, Neils Bohr proposed a radical model where electrons within atoms
have stable orbits but only discrete energy levels are allowed.

• When an atom jumps from a high energy level, Einitial, to a lower energy level, Efinal, resulting in a
difference, ∆E, a photon of light is emitted with frequency, f, according to the equation hf = ∆E.
Hence, the observation of emission spectra having precise frequencies is evidence for atoms having
discrete energy levels.

• The best model for atoms having discrete energy levels is to interpret electrons in atoms as behaving as
a standing wave. The allowable standing waves are known as orbitals.

• Both light and matter exhibit both particle-like and wavelike behaviours under the right circumstances.
• A hot solid or liquid material emits a continuous spectrum that is independent of composition. These

sources are often referred to as incandescent light sources.
• Synchrotron radiation is produced when a charged particle accelerates. In the storage ring of a

synchrotron, the charged particles move in circular paths and hence are accelerating; the radiation is
very intense, comes in a narrow beam and covers a broad range of frequencies.

• LEDs produce light from spontaneous emission when electrons fall from high to low energy levels or
bands within a semiconductor. The loss in electron energy equals the energy of the emitted photon.

• Lasers produce light by a process called stimulated emission. The radiation produced is
monochromatic and coherent.

• Double-slit experiments provide evidence for the dual nature (particle and wave) of both light and
matter under conditions where single photons or individual material objects such as electrons are used
to illuminate the slits and form an interference pattern.

• Heisenberg’s uncertainty principle asserts that it is not possible to simultaneously know both the
position and the momentum of an object along a particular axis. The uncertainty in each variable, ∆x
and ∆px respectively, is subject to the inequality ∆x × ∆px ≥

h

4𝜋
where h = 6.63 × 10−34 J s.

• Heisenberg’s uncertainty principle can be used to explain diffraction patterns produced by either
beams of light or matter incident on a single slit.
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• Classical laws of physics are not appropriate when investigating motion on very small scales, as the
uncertainties associated with both position ∆x and momentum ∆px become sizeable in comparison to
their values.

12.6.2 Key terms

An absorption spectrum is a spectrum produced when light passes through a cool gas. It includes a series of
dark lines that correspond to the frequencies of light absorbed by the gas.
A black body is an ideal absorber of energy. It absorbs all electromagnetic radiation that falls on it and does not
reflect any.
A continuous spectrum is a spectrum that has no gaps. There are no frequencies or wavelengths missing from
the spectrum.
The de Broglie wavelength is the wavelength associated with a particle or discrete piece of matter.
An emission spectrum is produced when light is emitted from an excited gas and passed through a
spectrometer. It includes a series of bright lines on a dark background. The bright lines correspond to the
frequencies of light emitted by the gas.
An excited state is a state in which an electron has more energy than its ground state.
The ground state is the state of an electron in which it has the least possible amount of energy.
A light-emitting diode (LED) is a small semiconductor diode that emits light when a current passes through it.
A line emission spectrum shows the discrete frequencies or wavelengths produced by an excited material.
A nanocrystal is a very small crystal with only a few hundred to a thousand atoms.
A p–n junction is the border region between p-type and n-type materials that have been fused together.
Quantised describes quantities that cannot be divided or broken up into smaller parts.
A semiconductor is a material that has a resistivity between that of conductors and insulators.
A spectrometer is a device used to disperse light into its spectrum.
A thermal spectrum is the spectrum produced by a body due to its temperature.
Wave–particle duality describes light as having characteristics of both waves and particles. This duality means
that neither the wave model nor the particle model adequately explains the properties of light on its own.

12.6.3 Practical work and investigations

Investigation 12.1
Spectroscopes
Digital document: doc-18556
Teacher-led video: eles-#####

12.6 Exercises
To answer questions online and to receive immediate feedback and sample responses for every question,
go to your learnON title at www.jacplus.com.au.

12.6 Exercise 1: Multiple choice questions
1. Sometimes electrons behave like particles and sometimes they behave more like waves. Which one of

the following statements is correct concerning the movement of electrons?
A. The movement of electrons in a vacuum through an electric field is well modelled by considering

the electron to be a wave, but through a crystal it diffracts like a particle.
B. The movement of electrons in a vacuum through an electric field is well modelled by considering

the electron to be a particle, but through a crystal it diffracts like a wave.
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C. The movement of electrons in a vacuum through an electric field is well modelled by considering
the electron to be a wave, and through a crystal it also diffracts like a wave.

D. The movement of electrons in a vacuum through an electric field is well modelled by considering
the electron to be a particle, and through a crystal it also diffracts like a particle.

2. A tennis ball of mass 0.10 kg travelling with speed 80 m s-1 is passing over the top of a tennis net.
Determine which of the following is the de Broglie wavelength of the tennis ball.
A. 4.1 × 10-35 N s B. 8.3 × 10-34 N s C. 4.1 × 10-34 N s D. 8.3 × 10-35 N s

3. Consider a beam of electrons accelerated in an electron gun with voltage 60 V. The electrons are fired at
a crystal and a diffraction pattern is produced. Determine which of the following is the de Broglie
wavelength of an electron in the beam.
A. 3.26 × 10-18 m B. 6.50 × 10-7 m C. 1.59 × 10-10 m D. 4.27 × 10-12 m

4. An electron and a photon both have the same momentum. Which one of the following statements is
correct?
A. To compare the wavelength of the two particles, you also need to know the energy.
B. The de Broglie wavelength of the electron is the same as the wavelength of the photon.
C. The de Broglie wavelength of the electron is greater than the wavelength of the photon.
D. The de Broglie wavelength of the electron is less than the wavelength of the photon.

5. The emission spectrum from a mercury lamp is different to the emission spectrum of a camp fire.
Which one of the following statements best describes that difference?
A. Light from a mercury lamp consists of a small number of specific colours whereas light from a

camp fire displays a continuous spectrum.
B. Light from a mercury lamp consists of polarised photons whereas light from a camp fire is

unpolarised.
C. Light from a mercury lamp consists of a continuous spectrum whereas light from a camp fire

displays a small number of specific colours.
D. Light from a mercury lamp consists of unpolarised photons whereas light from a camp fire consists

of polarised photons.
6. An electron in an atom makes a transition from the fourth excited state (E4 = -7.6 eV) to the second

excited state (E2 = -10.7 eV). The atom emits a single photon. Determine which of the following is the
energy of the emitted photon.
A. 18.3 eV B. 4.1 eV C. 3.1 eV D. 8.7 ev

7. The discrete emission spectrum obtained from a mercury lamp gives strong evidence for the nature of
electrons in atoms. Which one of the following statements is best?
A. The evidence supports a particle model for electrons confined to atoms. In this model, electrons

behave much like a standing wave.
B. The evidence supports a particle model for electrons confined to atoms. In this model, electrons

behave much like particles in circular orbits about the nucleus.
C. The evidence supports a wave model for electrons confined to atoms. In this model, electrons move

in circular orbits about the nucleus.
D. The evidence supports a wave model for electrons confined to atoms. In this model, electrons

behave much like a standing wave.
8. A collection of atoms that are all in their ground state are bombarded by a beam of photons such that all

the atoms are excited into their third excited state. Determine which of the following is the number of
different photon energies in the emission spectrum.
A. 4 B. 5 C. 6 D. 7
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9. Consider the partial energy level diagram of a particular atom X:

ground state

1st excited state

2nd excited state

0.0 eV

0.90 eV

2.2 eV

A beam of monochromatic photons with energy 1.8 eV is incident on a gas entirely made up of atom
X. Determine which of the following statements is correct.
A. The gas will emit only photons of energy 0.90 eV.
B. The gas will emit photons with energy 0.90 eV and

photons with energy 1.3 eV.
C. The gas will emit photons with energy 0.90 eV and photons with energy 2.2 eV.
D. The gas will not emit any photons.

10. Consider an electron in a hydrogen atom with an uncertainty in its position ∆x and another electron in a
larger helium atom with a larger uncertainty 2∆x. Determine which one of the following statements is
correct.
A. Both electrons would have the same uncertainty in their momentum.
B. The uncertainty in the momentum of the electron in the hydrogen atom is greater than the

uncertainty in the momentum of the electron in the helium atom.
C. The uncertainty in the momentum of the electron in the hydrogen atom is less than the uncertainty

in the momentum of the electron in the helium atom.
D. There is insufficient information.

12.6 Exercise 2: Short answer questions
1. Consider both an electron and a photon. The photon has a frequency 5.2 × 1014 Hz and the electron has

a speed 2.8 × 106 m s-1.
a. Calculate the wavelength of the photon and the de Broglie wavelength of the electron. Which has the

greater value?
b. Determine the momentum of the photon and the electron. Which has the greater value?
c. Find the kinetic energy of the photon and the electron. Which has the greater value?

2. A photon and an electron both have the same energy, namely 3.0 eV (4.8 × 10-19 J).
a. Calculate the momentum of both the photon and the electron. Do they have the same energy? Which

is greater in value?
b. Calculate the wavelength of the photon and the de Broglie wavelength of the electron. Which is

greater in value?
c. If the energy of both the electron and the photon increases, what happens to the momentum of the

photon and the electron? What happens to their respective wavelengths?
3. What important piece of evidence does the diffraction of electrons provide for?
4. Explain the difference between an emission and absorption spectrum as it relates to a gas of identical

atoms.
5. A beam of electrons accelerated by an electron gun is required for studying the structure of a new

molecule. The de Broglie wavelength required is 1.0 × 10-11 m. Calculate the voltage required to
accelerate the electrons so they have that de Broglie wavelength.

6. In what way is the light emitted from an incandescent light source different in nature to the light
emitted from a neon discharge lamp?Pdf_Folio:42
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7. An LED emits light when electrons undergo an energy loss of 1.7 eV in the diode. Calculate the
wavelength of the emitted photons.

8. Some LEDs emit red light while others emit green light. Describe the essential difference in the LEDs
that cause the different colours.

9. Why is X-radiation from a synchrotron useful for scientific research?
10. The following figure is a partial energy level diagram for a hydrogen atom showing the ground state

and the first three excited states.

Energy

(eV)

12.8

12.1

10.2

0

a. Copy the diagram and draw arrows to represent all six transitions that may occur when a population
of hydrogen atoms is excited into the third excited state.

b. Calculate the energy of each of the six possible photons that may be emitted.
c. Determine the wavelength of the photon having the least energy.

11. Consider the energy level diagram for a gas Q, shown in
the following figure.

E
n

e
rg

y
 (

e
V

)

–10.4

–5.5

–3.7

–1.6

0

n = 2

n = 3

n = 4

n = 1

a. i. Determine the energy of the photon emitted when
an electron in the state n = 3 undergoes a
transition to the state n = 2.

ii. Determine the frequency and wavelength of this
photon.

b. Determine the wavelength of the photon absorbed by this
gas when an electron undergoes a transition from
the state n = 1 to the state n = 4.

12. Consider two single-slit diffraction experiments both using a
beam of electrons. In the first experiment, electrons in the
beam travel towards the slit with speed 1.0 × 106 m s-1.
In the second experiment, electrons in the beam travel
towards the slit with speed 2.0 × 106 m s-1. Describe
and explain the differences in the diffraction pattern
produced in each experiment.

Pdf_Folio:43

TOPIC 12 Light and matter 43

UNCORRECTED PAGE PROOFS



“c12LightAndMatter_print” — 2019/6/20 — 20:22 — page 44 — #44

13. A beam of electrons with fixed momentum is used in a single-slit diffraction experiment designed to
show the wavelike nature of matter. The electrons pass through the slit and a diffraction pattern is
produced. Use the Heisenberg uncertainty principle to explain what happens to the diffraction pattern
when the width of the single slit is decreased.

12.6 Exercise 3: Exam practice questions
Question 1
The diffraction pattern shown in image (a) is made by passing X-rays through a thin layer of sodium
chloride crystal. The diffraction pattern shown in image (b) is made by using a beam of electrons passing
through the same crystal. The two images have circular rings of the same diameter. The X-rays have a
frequency f = 8.0 × 1016 Hz.
a. What does the pattern tell you about the nature of both X-rays and electrons when they pass through thin

layers of crystal?
b. What do the rings of equal diameter tell you about the X-rays and the electrons?
c. Calculate the de Broglie wavelength of the electrons.

LOWRESLOWRES

(b)

LOWRES

(a)(a)

LOWRES

Source: The copyright in substantial portions of this material (VCE exam papers
and related assessment reports) is owned by the Victorian Curriculum and
Assessment Authority; used with permission.
The VCAA does not endorse this product and makes no warranties regarding the
correctness or accuracy of its content. To the extent permitted by law, the VCAA
excludes all liability for any loss or damage suffered or incurred as a result of
accessing, using or relying on the content. VCE® is a registered trademark of the
VCAA

Question 2
Which one of the statements (A–D) best describes how to interpret the motion of the electrons as they pass
through a thin sodium chloride crystal and strike a fluorescent screen on the far side of the crystal?
A. The electrons pass through the crystal behaving like a wave and strike the screen behaving like a

particle.
B. The electrons pass through the crystal behaving like a wave and strike the screen behaving like a wave.
C. The electrons pass through the crystal behaving like a particle and strike the screen behaving like a

particle.
D. The electrons pass through the crystal behaving like a particle and strike the screen behaving like a

wave.

Question 3
The unidentified spectra produced by three light sources A, B and C are shown in the following figure.
Light source A is a helium–neon laser, light source B is a mercury discharge tube, and light source C is an
incandescent light globe.
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Frequency

Spectrum 1

Intensity

0

Frequency

Spectrum 3

Intensity

0

Frequency

Spectrum 2

Intensity

0

Complete each of the three sentences.
Spectrum 1 is produced by source ____.
Spectrum 2 is produced by source ____.
Spectrum 3 is produced by source ____.

Question 4

0 

1 

2 

3 

4 

5 

6 

7 

Energy (eV) 

6.15 eV

n = 4 

1.78 eV

n = 2 

Ground state

n = 1 

3.45 eV

n = 3 

We know that atoms may be excited into one of
many energy levels. They subsequently change
back to their ground state by emitting one or more
photons. The energy level diagram for a particular
element, X, is shown in the following diagram.
a. Onto a copy of the diagram, draw

arrows to represent all three transitions that may
occur when atoms of this element change from
the n = 3 excited state back to the ground state.

b. An atom of element X absorbs a photon
and is excited into the second excited state.
Calculate the frequency of the absorbed photon.

c. An atom of element X is in the third
excited state and decays to the first excited state.
Calculate the wavelength of the emitted photon.

Question 5
The following two diagrams illustrate models of the hydrogen atom. The first model is a satellite model
where an electron is envisaged as a particle in a stable circular orbit about the nucleus. The second model
depicts an electron in the third excited state as a standing wave on the circumference of a circle. Discuss the
reason why the first model fails to predict atomic behaviour whereas the second model is consistent with the
observation of discrete emission spectra.
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n = 4 (3rd excited state)

proton

Classical particle model of electron in

orbit about a proton

De Broglie wave model of electron in

orbit about a proton

Electron

+ +–

(a) (b)

12.6 Past VCAA examinations
Access Course Content and select ‘Past VCAA examinations’ to sit the examinations online or offline.
Fully worked solutions and sample responses are available in your digital formats.

Test maker
Create unique tests and exams from our extensive range of questions, including past VCAA exam questions.
Access the assignments section in learnON to begin creating and assigning assessments to students.
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