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= Calculate the wavelength, frequency, period and speed of travel of waves using: v =f4 = i;

1.3 Properties of waves

‘Source: VGE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.
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How Is energy useful
to society”

AREA OF STUDY 1

How are light and heat explained?

OUTCOME 1

Model, investigate and evaluate the wave-like nature of light, thermal energy and the emission and
absorption of light by matter.

1 Electromagnetic radiation and Waves ... 3
2 Investigating/light . L . TS ... 37
3 Thermal energy and its interaction with electromagnetic radiation ... L TT7

AREA OF STUDY 2

How is energy from the nucleus utilised?
# OUTCOME 2

Explain, apply and evaluate nuclear radiation, radioactive decay and nuclear energy.

4 Radiation from the nucleus and nuclear €NEergy ... 123

. AREA OF STUDY 3 o p—

How can electricity be used to transfer energy?

OUTCOME 3 |

Investigate and apply a basic DC circuit model to simple battery-operated devices and household
/{ electrical systems, apply mathematical models to analyse circuits, and describe the safe and
A * effective use of electricity by individuals and the community.

5 Concepts used to model electricity

6 Circuit electriGity ............. S N ... e N\W ... . . SCH. ...

7 Using electricity and electrical safety ... e 283
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AREA OF STUDY 1 HOW ARE LIGHT AND HEAT EXPLAINED?

Electromagnetic
radiation and waves

KEY KNOWLEDGE

In this topic, you will:
identify all electromagnetic waves as transverse waves travelling at the same speed, c, in a
vacuum as distinct from mechanical waves that require a medium to propagate
identify the amplitude, wavelength, period and frequency of waves

"4
calculate the wavelength, frequency, period and speed of travel of waves using: 1 = ; =vT

explain the wavelength of a wave as a result of the velocity (determined by the medium
through which it travels) and the frequency (determined by the source)

describe electromagnetic radiation emitted from the Sun as mainly ultraviolet, visible and
infrared

compare the wavelength and frequencies of different regions of the electromagnetic
spectrum, including radio, microwave, infrared, visible, ultraviolet, x-ray and gamma, and
compare the different uses each has in society

calculate the peak wavelength of the radiated electromagnetic radiation using Wien’s Law:
Amax T = constant

compare the total energy across the electromagnetic spectrum emitted by objects at
different temperatures.

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led videos, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access exam-style questions and their video solutions in every lesson, to ensure you
are ready.
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1.1 Overview

Hey students! Bring these pages to life online ~n an
Watch Engage with Answer questions ,,) 9
videos interactivities and check results /'

Find all this and MORE in jacPLUS C)

1.1.1 Introduction

We are familiar with many common phenomena related to
the behaviour of waves. Consider the ripple of waves on

the surface of water, waves on a string such as a guitar, the
propagation of sound through a medium, and the properties
of light. Waves can also transfer energy from one place to
another. They seem to travel or propagate at a fixed speed

in a medium regardless of the energy they contain. Waves
have a tendency to spread out in all directions. Waves can
pass through each other; they don’t collide with each other in
the same way particles collide — instead, they combine and
interfere. In short, waves do things that particles cannot, and
particles do things that waves cannot.

FIGURE 1.1 The ripples of waves in the water
is a common phenomenon that can be linked
to physics.

Waves can diffract, interfere, propagate through a medium, reflect and refract. All waves have the properties of
wavelength, amplitude and frequency.

As you journey through your studies in Physics, you will discover that both a wave and a particle model are
required to describe the properties of light and electromagnetic radiation. In Unit 1, you will investigate the

properties of light as a particle modelled as a ray to understand reflection and refraction. In Unit 4, you will

investigate in detail that both a wave and a particle model are needed to fully understand natural phenomena
related to electromagnetic radiation and its interaction with matter.

LEARNING SEQUENCE

TuT OVEBIVIEW .o 4
1.2 Explaining waves as the transmisSion Of ENEIGY ...........ccccoiiiiiiiiiiiiie e 5
1.8 PrOPEITIES Of WAVES ... 882828t 8
1.4 Energy from the Sun ... .15
1.5 The electromagnetic spectrum ... .25
TU8 REVIEW ..ot 31

Resources

Solutions Solutions — Topic 1 (sol-0787)

Practical investigation eLogbook Practical investigation eLogbook — Topic 1 (elog-1570)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 1 (doc-36951)
Key ideas summary — Topic 1 (doc-36952)

Exam question booklet Exam question booklet — Topic 1 (egb-0069)

4 Jacaranda Physics 1 VCE Units 1 & 2 Fifth Edition



1.2 Explaining waves as the transmission of energy

KEY KNOWLEDGE

¢ |dentify all electromagnetic waves as transverse waves travelling at the same speed, ¢, in a vacuum as

distinct from mechanical waves that require a medium to propagate

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

1.2.1 Introducing waves

A wave is a disturbance that travels through a medium from the source to the
detector without any movement of matter. There are two categories of waves that
exist in nature: mechanical waves and electromagnetic waves. Electromagnetic
waves do not require a medium to propagate; they can travel through a vacuum.
Mechanical waves, however, do need a medium, such as air or water, to
propagate. Particles of the matter vibrate up and down or back and forth about
their rest position, transferring energy from one place to another. Waves therefore
transfer energy without any net movement of particles. Periodic waves are a type
of wave that transfers energy at regular intervals throughout a medium.

Looking at the examples in table 1.1, two different types of waves can be
identified. For the pulse on the rope and the ripples on the water surface, the
disturbance is at right angles to the direction the wave is travelling. These types
of waves are called transverse waves and can be seen in solids.

wave the transfer of energy
through a medium without any
net movement of matter
periodic wave a disturbance that
repeats itself at regular intervals
pulse a wave of short duration
transverse wave a wave for
which the disturbance is at

right angles to the direction of
propagation

disturbance the movement of
particles due to an energy wave
passing through them
longitudinal wave a wave for
which the disturbance is parallel
to the direction of propagation

In the examples of the sound wave travelling through air and the compression moving along the spring, the
disturbance is parallel to the direction the wave is travelling. These types of waves are called longitudinal

waves and can be seen in solids as well as liquid and gases.

TABLE 1.1 Some examples of waves

Type of
Detector Disturbance | wave

Sound Push/pull of loudspeaker Increase and | Longitudinal
Compressions decrease in
\ air pressure
Speaker
Sound waves
Rope Upward flick of hand Rope Person Section of Transverse
~ at other rope moves
B N end of up and then
the rope back down
A
it i
e
Y %
S———— b,
Pulse on a rope
(continued)
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TABLE 1.1 Some examples of waves (continued)

Type of
Detector | Disturbance | wave

Stretched | Push of hand Coils Person at | Bunching of | Longitudinal
spring Compressions in the other end | coils
spring

Compressions moving along a stretched spring

Water Object dropped in water Water Bobbing Water Transverse
cork surface
placed at a point
in the moves up
water then back
down
Ripples on water
1.2 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

1.2 Quick quiz on ‘ 1.2 Exercise U 1.2 Exam questions L

1.2 Exercise

1. How is a periodic wave different from a single pulse moving along a rope?

2. How is a periodic longitudinal wave different from a transverse wave?

3. What is the speed of sound in air if it travels a distance of 996 m in 3.00 s?

4. Describe the motion of particles in a medium as a transverse wave passes through the medium.
5. Describe the motion of particles in a medium as a longitudinal wave passes through the medium.
1

.2 Exam guestions

Question 1 (2 marks)
Select the correct options to complete the following sentence describing the characteristics of waves.

Waves transmit matter/energy without the net transfer of matter/energy.

Question 2 (1 mark)

What is necessary for the transmission of mechanical waves?
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Question 3 (1 mark)
Source: VCE 2018 Physics Exam, Section A, Q.10; © VCAA

I3 A loudspeaker is producing a sound wave of constant frequency. Consider a tiny dust particle 1.0 m in front

of the loudspeaker.
dust particle
((( ———————————————— v
1.0m

loudspeaker

Which one of the following diagrams best describes the motion of the dust particle?

A. B. C. D.

Question 4 (1 mark)
Source: VCE 2009 Physics Exam 2, Section B, Q.2; © VCAA

I A stretched spring, attached to two fixed ends, is compressed on the right end and then released, as shown
in Figure 1. The resulting wave travels back and forth between the two fixed ends until it comes to a stop.

before release

after release

<—
Figure 1

This wave is best seen as an example of
. atransverse wave.

. alongitudinal wave.

. diffraction.

. an electromagnetic wave.

OO0 w>»

Question 5 (3 marks)

What characterises a longitudinal wave? (1 mark)
Identify one example of a wave that is longitudinal in its nature. (1 mark)
c. ldentify one example of a wave that is transverse in its nature. (1 mark)

oo

More exam questions are available in your learnON title.
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1.3 Properties of waves

KEY KNOWLEDGE

¢ |dentify the amplitude, wavelength, period and frequency of waves

v
¢ Calculate the wavelength, frequency, period and speed of travel of waves using: 1 = )—‘ =vT

* Explain the wavelength of a wave as a result of the velocity (determined by the medium through which it

travels) and the frequency (determined by the source)

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

1.3.1 Wavelength, frequency and speed

The frequency of a periodic wave is the number of times that it repeats itself every
second. Frequency is measured in hertz (Hz) and 1 Hz = 1s~!. Frequency can be
represented by the symbol f.

The period of a periodic wave is the time it takes a source to produce a complete
wave. This is the same as the time taken for a complete wave to pass a given point.
The period is measured in seconds and is represented by the symbol 7.

The period of a wave is the reciprocal of its frequency. For example, if five complete
waves pass every second, that is, f = 5 Hz, then the period (the time for one complete

frequency a measure of how many
times per second an event happens,
such as the number of times a wave
repeats itself every second

period the amount of time,
measured in seconds, that one
cycle or event takes, such as the
time taken for an object moving in

a circular path and at a constant
speed to complete one revolution
amplitude a periodic disturbance
that is the maximum variation

wavelength to pass) is 1 = 0.2 seconds. In other words:
5 from zero

wavelength the distance between

successive corresponding parts of a

1 periodic wave

where:
f is the frequency of the wave, in Hz

T is the period of the wave, in s.

A displacement—time graph, as shown in figure 1.2, tracks the movement of a single point on a transverse wave
over time as the wave moves through that point. In other words, it shows how the displacement of a single point
on the wave varies over time. The period of the wave can be easily identified from this graph.

The amplitude of a wave is the size of the maximum disturbance of the medium from its normal state. The units
of amplitude vary from wave type to wave type. For example, in sound waves the amplitude is measured in the
units of pressure, whereas the amplitude of a water wave would normally be measured in centimetres or metres.

The wavelength is the distance between successive corresponding parts of a periodic wave. The wavelength is
also the distance travelled by a periodic wave during a time interval of one period. For transverse periodic waves,
the wavelength is equal to the distance between successive crests (or troughs). For longitudinal periodic waves,
the wavelength is equal to the distance between two successive compressions (regions where particles are closest
together) or rarefactions (regions where particles are furthest apart). Wavelength is represented by the symbol 1
(lambda).

The displacement of all particles along the length of a transverse wave can be represented in a displacement—
distance graph as shown in figure 1.3. A displacement—distance graph is like a snapshot of the wave at an instant
in time. The amplitude and wavelength of the wave can be easily identified from this graph.
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FIGURE 1.2 Displacement-time graph: the movement of a single point on a transverse wave over time

Period

Displacement

Period

Time

FIGURE 1.3 Displacement-distance graph: particle displacements along a transverse wave

Crest

A
mplitude

Direction
of wave
movement

|«——— Wavelength ———|

N

¢ A
Position of +

undisturbed Trough
medium

Particle displacement

N

Distance
from source

Direction of
particle motion

The speed of a periodic wave, v, is related to the frequency and period. In a time

interval of one period, 7, the wave travels a distance of one wavelength, 1. Thus:

Speed = dls'tance _ /_1 _ & —f
time T

I—

~

This relationship can be written as:

speed of a periodic wave the
product of the wavelength of the
wave multiplied by its frequency

14

N~

where:

v is the speed of the wave, in m s™!

f 1is the frequency of the wave, in Hz
A is the wavelength of the wave, in m

T is the period of the wave, in s.

v=AXf
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This relationship, v =f4, is sometimes referred to as the universal wave equation.

The frequency of a periodic wave is determined by the source of the wave. The speed of a periodic wave is
determined by the medium through which it is travelling. Because the wavelength is a measure of how far a

. s e . . v
wave travels during a period, if it can’t be measured, it can be calculated using the formula A = —.

In a longitudinal wave, as opposed to a transverse wave, the oscillations are parallel to the direction the wave

is moving. Longitudinal waves can be set up in a slinky, as shown in figure 1.4a. Sound waves in air are also
longitudinal waves, as shown in figure 1.4b. They are produced as a vibrating object (such as the arm of a tuning
fork) first squashes the air, then pulls back to create a partial vacuum into which the air spreads.

FIGURE 1.4 Longitudinal waves in a. a slinky b. air

a. [ 2 :
AT \‘MH\‘HHHHH\‘HH\H\H'HHH\MMHMWMH‘H\
Compression Rarefaction Direction of
b. Rarefactions wave motion
a ~—a

_

— |
Compressions Direction of
particle motion

Longitudinal waves cause the medium to bunch up in places and to spread out in

. . . . . compression a region of increased
others. Compressions are regions in the medium where the particles are closer

pressure in @ medium during the

together. Referring to sound waves in air, compressions are regions where the air transmission of a wave
has a slightly increased pressure, as a result of the particles being closer together. rarefraction a region of reduced
Rarefactions are regions in the medium where the particles are spread out. This pressure in a medium during the

. . .. . transmission of a sound wave
results in a slight decrease in air pressure in the case of sound waves.

The wavelength, 4, for longitudinal waves is the distance between the centres of adjacent compressions (or
rarefactions, as shown in figure 1.4b). The amplitude of a sound wave in air is the maximum variation of air
pressure from normal air pressure.

SAMPLE PROBLEM 1 Calculating the speed of a sound wave
tlvd-3817

What is the speed of a sound wave if it has a period of 2.0 ms and a wavelength of 68 cm?

THINK WRITE
1. Note down the known variables in their T=2.0ms
appropriate units. Time must be expressed in —2.0x%x103s
seconds and length in metres. 1=68cm
=0.68 m
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2. Choose the appropriate formula. v=fA

A
> V= —
T
3. Substitute values for the wavelength and _ U068 rr_12
period and then solve for v. 20x107"s
=340 ms™!

PRACTICE PROBLEM 1

What is the speed of a sound wave if it has a period of 1.5 ms and a wavelength of 51 cm?

SAMPLE PROBLEM 2 Calculating the wavelength of a sound wave
tlvd-3818

elog-1596

What is the wavelength of a sound of frequency 550 Hz if the speed of sound in air is 335 m s71?

THINK WRITE

1. Note down the known variables in their f=550Hz,v=335ms!

appropriate units. Frequency must be

expressed in hertz and speed in m s7!.

2. Choose the appropriate formula. v=fA
s>1=1
f

335ms™!

3. Substitute values for the frequency and speed 1 =

and then solve for the wavelength. 550 Hz

= 0.609 m

PRACTICE PROBLEM 2

A siren produces a sound wave with a frequency of 587 Hz. Calculate the speed of sound if the
wavelength of the sound is 0.571 m.

INVESTIGATION 1.1 (o0 [ - only]

Investigating waves from a slinky spring
Aim
To observe and investigate the behaviour of waves (or pulses) travelling along a slinky spring

Resources

Video eLesson Properties of waves (eles-3213)
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EXTENSION: Applying wavelength and frequency to the Doppler effect
The Doppler effect

Note that this content is useful if you are choosing to study
option 2.14 (How can we detect possible life beyond Earth’s solar
system?) in Unit 2, Area of Study 2.

FIGURE 1.5 Both high-pitched and
low-pitched sounds can be heard from
the siren of an emergency vehicle.

Everyone is familiar with the change in pitch of sound made by

a car when it passes them. This is most pronounced when an
emergency vehicle races by. The sound always starts high but
finishes low. This effect is called the Doppler effect, after Christian
Andreas Doppler, who predicted it in 1842 before it had been
observed. The Doppler effect is the result of a wave travelling at

a constant speed through a medium while the source is in motion
relative to the medium or if an observer is in motion relative to

the medium. In either case, the frequency of the source will be
different from the frequency as measured by an observer.

Consider a fire engine racing to attend a fire. While it is stuck in

traffic with its siren blaring, a Physics student decides to measure the frequency and wavelength of the sound.
The fire engine’s siren alternates between a high-pitched sound and a low-pitched sound. The student measures
the high-pitched sound to have a frequency of 500 Hz and the low-pitched sound to have a frequency of 200 Hz.
After determining the speed of sound to be 340 m s, and noticing that there is no wind, the student calculates
the wavelengths using v =fA:

"4
A = = /1 = z
f f
_340ms™ _340ms™
500 Hz ~ 200Hz
= 0.680 m for the 500 Hz sound = 1.70 m for the 200 Hz sound

FIGURE 1.6 The Doppler effect a. O1 and O2 both hear the same frequency sound. b. O1 hears a higher
frequency than O2.

a. Stationary source b. Source moving to the right

= Source 01| = Observer in front of sound source |02 = Observer behind sound source

Later, the traffic jam has cleared and another fire engine passes the Physics student. The fire engine travels at a
velocity of 24 m s~ relative to the road (and air). The speed of sound remains at 340 m s™' through the air. The
fire engine is identical to the first one, but now the student measures the frequencies to be 538 Hz and 215 Hz
as the fire engine approaches, and 467 Hz and 187 Hz as the fire engine moves away. The student’s frequency-
measuring equipment is not faulty — the student could clearly hear the pitch drop as the fire engine passed.
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When the air is still, something approaching a listener will sound higher in pitch than when it is at rest relative to
the listener, and will sound lower in pitch when it is moving away. Doppler cleverly predicted this result before the
advent of fast fire engines. His prediction was first confirmed experimentally by having a trumpeter play a note
while passing on a ‘relatively’ fast-moving train.

The sound produced by the siren of the fire engine is a series of pressure variations in the air. When the fire
engine produces a compression (region of higher than average air pressure) of the high-frequency sound, this
compression moves forward at the speed of sound in air, 340 m s~'. The next compression is produced

T seconds later, where T is the period of the sound wave.

1
r==
f

1

= =0.002 s
500 Hz

At 0.002 s, the first compression has travelled the following distance:

d=uvt
340 ms~' x0.002 s =0.680 m

In this time, the fire engine has moved:

d=vt
=24ms~'x0.002 s=0.0480 m

The distance between compressions is therefore:

A =0.680 m—0.0480 m
=0.632m

For the fire engine that was stationary, the wavelength was 0.68 m. As sound is travelling at 340 m s™" relative

to the student on the roadside, and v = fA, the shorter wavelength from the approaching fire engine will have a
higher frequency than the stationary fire engine. In this case, the detected frequency measured by the student for
the 500 Hz sound as the fire engine approached at 24 m s~' would be:

f=—
A

_ 340ms™’

= ——=538Hz
0.632 m

In summary, when a source of waves is approaching an observer, the frequency appears to be greater than the
source frequency. When the source of waves is receding from the observer, the frequency appears to be smaller
than the source frequency. Likewise, if an observer is approaching a stationary source, the frequency appears
higher and, if the observer is receding from the stationary source, the frequency appears lower. The equations
for calculating these changes in frequency due to motion of a source and observer relative to a medium are not
examinable.

Applying this to electromagnetic waves (light), if a source of light gets farther away from you, then it will appear to
have a longer wavelength (shifting towards the red), while if it gets closer to you, it will appear to have a shorter
wavelength (shifting towards the blue). Astronomers call this a redshift and a blueshift respectively, and use this
to determine which stars and galaxies are moving away from us, and which are moving towards us.

Resources

Weblink Doppler effect applet
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1.3 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C]

1.3 Quick quiz on ‘ 1.3 Exercise U 1.3 Exam questions

1.3 Exercise

1. How far does a periodic wave travel in one period? Give your answer in terms of the wavelength of the

periodic wave.

Do loud sounds travel faster than soft sounds? Justify your answer.

3. A marching band on the other side of a sports oval appears to be ‘out of step’ with the music. Explain why
this might happen.

4. You arrive late to an outdoor concert and have to sit 500 m from the stage. Will you hear high-frequency
sounds at the same time as low-frequency sounds if they are played simultaneously? Explain your answer.

5. Aloudspeaker is producing a note of 256 Hz. How long does it take for 200 wavelengths to interact with

your ear?

What is the wavelength of a sound that has a speed of 340 m s™' and a period of 3.00 ms?

What is the speed of a sound if the wavelength is 1.32 m and the period is 4.00 x 1073 s?

8. The speed of sound in air is 340 m s™' and a note is produced that has a frequency of 256 Hz.
a. What is its wavelength?
b. This same note is now produced in water where the speed of sound is 1.50 x 10° m s™'. What is the new

wavelength of the note?

9. A stationary siren is producing a sound. The siren vibrates at 100 Hz to make the sound. One observer
measures the sound to have a frequency of 110 Hz. A second observer measures the sound to have a
frequency of only 90 Hz. Explain why this is the case.

N

SIS

1.8 Exam questions

Question 1 (1 mark)
Source: VCE 2021 Physics Exam, Section A, Q.13; © VCAA

A The diagram below shows part of a travelling wave.

displacement (cm)

» distance (cm)

JANEAN
J S VAL VA Vi

The wave propagates with a speed of 18 m s™".

Which of the following is closest to the amplitude and frequency of the wave?
A. 8cm, 3.0 Hz

B. 16 cm, 3.0 Hz

C. 8cm, 300 Hz

D. 16 cm, 300 Hz
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Question 2 (3 marks)
Source: VCE 2019 Physics Exam, Section B, Q.12; © VCAA

A sinusoidal wave of wavelength 1.40 m is travelling along a stretched string with constant speed v, as shown in
Figure 11. The time taken for point P on the string to move from maximum displacement to zero is 0.120 s.

AN P

Figure 11

Calculate the speed of the wave, v. Give your answer correct to three significant figures. Show your working.

Question 3 (1 mark)
Green light has a wavelength of 510 nm and travels at the speed of light (¢ = 3 x 108 m s7").

Calculate its period.

Question 4 (2 marks)

A student observes the motion of waves passing by a navigational marker at a fixed point on the surface of the
ocean. They count 26 wave crests passing the marker in 2 minutes.

Calculate the frequency of the wave.

Question 5 (2 marks)
A sound wave for the note known as middle C has a frequency of 261.6 Hz.

Calculate its period.

More exam questions are available in your learnON title.

1.4 Energy from the Sun

KEY KNOWLEDGE

* Describe electromagnetic radiation emitted from the Sun as mainly ultraviolet, visible and infrared
¢ Calculate the peak wavelength of the radiated electromagnetic radiation using Wien’s Law: 4,,,, T = constant
* Compare the total energy across the electromagnetic spectrum emitted by objects at different temperatures

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

1.4.1 What is blackbody radiation?

The hottest object in our environment is our Sun. Nearly all of the energy
luminosity the amount of

available to Earth comes from the Sun, whose energy output i's 3.86 x.1026 Js! radiated electromagnetic energy
(3.86 x 10%6 W). This is known as its luminosity. A tiny portion of this energy emitted by a light-emitting or
hits Earth, heating and lighting it. When we examine the light from the Sun, luminous object

we see the characteristic spectrum of light produced by hot objects, known as blackbody radiation the

. e characteristic radiation emitted
blackbody radiation. by a blackbody when heated
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FIGURE 1.7 Nearly all the energy available to Earth comes from the Sun.

During the late nineteenth century, scientists conducted investigations into how temperature a measure of how hot
much radiation was produced across the light spectrum and how this distribution or how cold something is
changed with temperature. The interest was in part theoretical, but it was also a incandescent refers to luminous
practical interest sparked by the needs of the growing public — and home — e il prolos e bese. 5o
. L. ) . they are hot; the higher the
illumination industry. The eventual explanation of the shape of the blackbody temperature, the brighter the light,
radiation spectrum departed from classical physics and pointed the way to and the colour also changes
the development of the new model of the atom early in the twentieth century. blackbody an object that absorbs
all radiation that falls on it
When a solid object is heated to several hundred degrees Celsius, it becomes electromagnetic radiation an
incandescent; that is, it glows. A theoretically ideal object for producing electromagnetic wave or radiation

that includes visible light, radio

incandescent light is called a blackbody. waves, gamma rays and x-rays

At low temperatures, a theoretical blackbody
will ab§0rb all the c.electromagnetig r.adiation FIGURE 1.8 At very high temperatures, a dull red light is
(sometimes abbreviated as EM radiation) that emitted from an oven.

falls on it, as it is both a perfect absorber and a
perfect radiator of electromagnetic radiation. Such
an object could be an oven, or even a star like

our Sun. When an oven is cold, light that passes
from outside the oven is absorbed and not reflected
back; it is dark inside. When the oven is very hot
the electric coil can reach approximately 800 °C,
and light is emitted by the oven that depends only
on its temperature and not on its composition; the
oven glows with a dull red colour, as shown in
figure 1.8.

Figure 1.9 displays the solar intensity emitted
by the Sun, which has a surface temperature

of approximately 5500 °C, plotted against its
electromagnetic emission. Note that the highest
section of the peak is in the visible section of the electromagnetic spectrum; however, a significant amount
of heat energy (infrared) is clearly illustrated, as well as a smaller but not insignificant amount of light in the
ultraviolet section.
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Measurements of the spectra of blackbody radiation show that for any temperature, one wavelength has a greater
intensity than all the others. In figure 1.9, which shows the electromagnetic emission from the Sun, the greatest
intensity occurs in the green part of the visible spectrum. However, because the total intensity of light is highest
overall in the yellow part of the visible spectrum, our Sun appears to be yellow in colour.

FIGURE 1.9 The characteristic blackbody shape of the solar spectrum. The electromagnetic radiation emitted
from the Sun is mainly ultravlolet, visible and infrared.

UV  visible Near-IR Medium-IR

Solar irradiance (W/m2/nm)

0.0 —* : — -
200 400 700 1000 1500 2000 2500 3000
Wavelength (nm)

The results for blackbody spectra at different temperatures are displayed in figure 1.10. This plot of intensity
versus wavelength shows the emission of objects with different temperatures, shown in degrees kelvin (K).
While the nature of the kelvin temperature scale is discussed in more detail in subtopic 2.2, in simple terms, the
conversion between degrees Celsius and kelvin is:

°C=K-273
where:
°C is the temperature, in degrees Celsius

K is the temperature, in kelvin.

The graphs for the four different temperatures are generally the same shape. Starting from the right with long
wavelengths, there is very little infrared radiation emitted. As the wavelength gets shorter, the radiation produced
increases to a maximum; then finally, as the wavelength shortens even further, the amount of radiation drops
quite quickly. The graphs for higher temperatures have a peak at a shorter wavelength and a much larger area
under the graph, meaning a lot more energy is emitted (intensity). This shape is typical of blackbody radiation,
and all heated objects exhibit these characteristics to some degree.

The intensity of emission at a temperature of 5000 K closely resembles the emission from the Sun based on its
surface temperature (= 5200 K). In contrast, the atmosphere and surface of Earth have temperatures ranging from
approximately —50 °C to 50 °C (223 K to 323 K), which results in a peak blackbody emission in the non-visible
infrared portion of the electromagnetic spectrum.
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FIGURE 1.10 The variation in intensity versus wavelength produced for different hot objects. Note that not only
does the intensity peak higher as temperature increases, but the spectrum moves to the left and becomes bluer
(dotted line).
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In summary, the most important features of this spectrum that occur as the temperature of an object (blackbody)
increases are:
¢ the peak emission wavelength becomes shorter
e the peak (height of the emission curve) and total intensity (area under the emission curve) of
electromagnetic emission both increase as an object heats up to higher temperatures.

The overall visible electromagnetic emission of an incandescent object becomes bluer as it heats up to high
temperatures, as observed in figure 1.11.

FIGURE 1.11 The emission of objects becomes bluer (as shown to the right) as the
temperature increases.

DT T T T T T

Increasing temperature

In everyday life, all objects are continually absorbing and emitting thermal energy by radiation.
e When an object absorbs more radiant energy than it emits, its temperature increases.
e When an object emits more radiant energy than it absorbs, its temperature decreases.

18 Jacaranda Physics 1 VCE Units 1 & 2 Fifth Edition



elog-1598

tlvd-3824

elog-1599

tlvd-0806

There are several physical factors that can affect the rate of emission and absorption of energy from an object.
These include:

e the temperature of an object and its surroundings. The larger the difference between the temperature of an
object and its surroundings, the greater the rate of energy transfer through the emission of radiation.

e the surface area of an object. The rate of radiant energy transfer is directly proportional to the surface area
of an object.

e the properties of the surface of an object. Matte-black objects are almost perfect absorbers of radiant
energy of all wavelengths, while white and shiny objects re-emit a significant proportion of radiant energy
from the visible portion of the spectrum. Highly reflective surfaces, such as mirrors, reflect most radiant
energy. A mylar thermal blanket for instance, with its reflective coating, can be used to to reduce heat loss
and keep someone warm as it reflects back approximately 90 per cent of radiant heat.

FIGURE 1.12 Black surfaces absorb and emit radiant energy more easily than white surfaces.

\\

Black

In summary, rough or matte-black surfaces absorb and emit radiant energy more quickly than shiny, white
surfaces. This means that matte-black surfaces heat up and cool down more quickly due to an increased rate of
radiant energy transfer, more closely resembling the properties of a theoretical blackbody.

INVESTIGATION 1.2 ERlner™

Examining the Sun’s spectrum

Aim

To show the different parts of the Sun’s visible spectrum and compare this to the other sections of the
electromagnetic spectrum the Sun emits

INVESTIGATION 1.3 0N - only]

The colour of temperature
Aim
To show that different colours have different thermal effects
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1.4.2 Interaction of thermal energy and electromagnetic radiation

EXTENSION: Stefan-Boltzmann Law and the relationship between power and
temperature

Note that this content is useful if you are choosing to study option 2.1 (How does physics explain climate
change?) in Unit 2, Area of Study 2.

Early researchers such as Jozef Stefan were keen to find patterns and relationships in the data shown in

figure 1.10 and to be able to explain their observations. In 1879, Stefan compared the area under the graph for
different temperatures. This area is the total energy emitted every second across all wavelengths — in other
words, the power.

He found that the power radiated by a blackbody was proportional to absolute

temperature to the power of 4; that is, P« T*. powerradiated by a blackbody

the total energy radiated by a

Ludwig Boltzmann later proved this from a theoretical standpoint, and so the P T* blackbody every second

relationship is called the Stefan-Boltzmann Law. absolute temperature the
temperature of an object taken in
Stefan-Boltzmann Law the scale using absolute zero
PxT*

This means that if the absolute temperature of a hot object doubles from 1000 K to 2000 K, the amount of energy
emitted every second increases by 2* (2 x 2 x 2 x 2 = 16 times).

This relationship applies to all objects, but the constant of proportionality depends on the size of the object and
other factors. Using this law, astronomers were able to determine the surface temperatures of stars. For instance,
Stefan was able to estimate the temperature of the surface of the Sun as 5430 °C or 5700 K, which is very close
to the value known today of 5778 K.

The energy falling on Earth from the Sun is fairly constant. At the equator, an average of about 684 joules of
energy from the Sun hits each square metre of Earth’s surface every second; that is, 684 W m~2, where 1 watt is a
unit of power or the rate of energy delivery and equals 1 joule per second. This value varies from day to day by as
much as 2 W m™, as well as having an approximate 11-year cycle of a similar magnitude.

With the Stefan-Boltzmann relationship, P < T*, it is possible to use the amount of energy that Earth radiates into
space to calculate the temperature of Earth as observed from space.

SAMPLE PROBLEM 3 Exploring the relationship between temperature and power using

the Stefan-Boltzmann Law

a. When iron reaches about 480 °C it begins to glow with a red colour. How much more energy is
emitted by the iron at this temperature, compared to when it is at a room temperature of 20 °C?
b. How much hotter than 20 °C would the iron need to be to emit 10 times as much energy?

THINK WRITE
a. 1. Convert the temperature to kelvin. a. Temperature of hot iron:
Tietviny = Ticetsins) +273
=480°C+273
=753 K

Temperature of cold iron:

T(kelvin) = T(Celsius) +273
=20°C+273
=293 K
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2. Calculate the ratio.

3. State the solution.

b. 1. Convert the temperature to kelvin.

2. Calculate the ratio.

1
3. Use your calculator to evaluate 104, then use
that value to calculate 7T},.

4. Convert the temperature to Celsius.

5. State the solution.

Ratio of power (hot to cold) = ratio
of temperatures to the power of 4

Pcold - Tcold
753\"
- (%)
~ 44

The hot iron emits 44 times as much energy
every second as it does when it is at room
temperature.

. Temperature of cold iron:

T ketvin) = T(Celsius) + 273

=20°C+273

=293 K
Ratio of power (hot to cold) = ratio
of temperatures to the power of 4

4
P hot — < Thol >
P cold Tcold

1
= T = 293 X 104
1
103 ~ 1.778

Tho =293 x 1.778 %521 K

T cetsivs) = 521 K =273
=248°C
The iron would need to be at 248 °C to emit

10 times the energy every second it does at
20 °C.

PRACTICE PROBLEM 3

The Sun has a surface temperature of 5778 K and radiates energy at a rate of 3.846 x 10*® W. How
much energy would a star of similar size radiate if its surface temperature was 8000 K?
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Wien’s Law and the relationship between wavelength and temperature

In 1893, Wilhelm Wien (pronounced Veen) was able to show that as the temperature increased, the wavelength
of maximum intensity of energy emitted decreased, and indeed the two quantities were inversely proportional.
That is, the wavelength is proportional to the inverse of the temperature. This can be seen in figure 1.13.

FIGURE 1.13 The wavelength is proportional to the inverse of the temperature. These graphs illustrate that as the
temperature increased, the wavelength of maximum intensity of energy emitted decreased.

b.

;"max (m)

T T T T T T 0 1
Temperature (kelvin) Temperature

Wien’s Law can be written as:

Amax I = constant

The value of this constant is 2.90 x 107> mK (metre-kelvin).

This means that the shorter the peak wavelength, the hotter the temperature. For instance, a blue star with a
peak wavelength of 246 nm has a temperature of 11 780 K, while a red star with a peak wavelength of 658 nm
has a temperature of 4004 K. It has to be noted that the perception of colours differs from their actual colour
temperature. Perceived ‘warm colours’, such as red and orange, have a lower colour temperature than perceived
‘cool colours’, such as blue and violet. “Warm colours’ in this case refers to colours with a longer wavelength,
closer to infrared radiations, which make you feel warm.

SAMPLE PROBLEM 4 Determining the wavelength and spectrum of peak intensities of

RERLl light from stars

a. At what wavelength is the peak intensity of the light coming from a star whose surface temperature
is 11 000 K (about twice as hot as the Sun)?
b. In what section of the spectrum is this wavelength?

THINK WRITE
a. 1. State Wien’s Law, and rearrange the equation a. A,,,,7 = constant
to make 4,,,, the subject. constant
= /‘lmax = T
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2. Substitute the known values into the equation
to determine A,

3. State the solution.

b. Refer to figure 1.10.

Constant = 2.90 X 1073 mK, 7=11000 K
1= constant
T
_290% 1073 mK
~ 11000K
=2.64%X10""m

The light coming from a star whose surface
temperature is 11 000 K has a peak intensity at
a wavelength of 2.64 x 10~ m.

. The peak wavelength, 264 nm, is beyond the

violet end of the visible spectrum, so it is in
the ultraviolet section of the electromagnetic
spectrum.

PRACTICE PROBLEM 4

Determine the surface temperature of a star that emits light at a maximum intensity of 450 nm.

1.4.3 How much energy does Earth get from the Sun?

The Sun is directly overhead the equator at midday on the equinox. At this place and time, the solar radiation

is about 1368 watts per square metre of surface area (1368 W m2). But because Earth turns, producing night
and day, this value has to be halved to 884 W m™2. Also, Earth is curved, with the North and South Poles
receiving much less light than the equator over a full year. This requires the number to be halved again. So the
average solar radiation across Earth is 342 W m™2, as shown in figure 1.14. About 100 W m™ of this radiation is
reflected straight back into space by the white surfaces of clouds and ice sheets. This leaves 242 W m™ to heat
up Earth. This radiation will be further explored in topic 2.

FIGURE 1.14 At Earth’s equator at midday, the light intensity from the Sun is 1368 W m™. The average over night

and day and from pole to pole is 342 W m™.

Whole Earth average 342 Wm~2

Earth

North Pole
1368 Wm=2 at
equator at midday
Equator <
South Pole
684 Wm~2at

equator average

TOPIC 1 Electromagnetic radiation and waves 23



1.4 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
1.4 Quick quiz on 1.4 Exercise u 1.4 Exam questions

1.4 Exercise

1. When electromagnetic radiation is shone on an object, which three interactions can occur between the
radiation and the object?

2. A Thermos flask, which is designed to minimise heat loss from the liquid it contains, has a shiny and reflective
inner and outer surface. Describe how this feature would assist in minimising heat loss.

3. Refer back to figure 1.10 to answer the following questions.

a. A star has a surface temperature of 6000 K. What will the colour and wavelength of its peak radiation
emission be?

b. The star Spica is the 16th brightest star in the sky, and has a surface temperature of around 25 000 K.
Extrapolating from the graph, what is the colour of this star likely to be? Justify your response.

4. All objects with a temperature above absolute zero (-273.15 °C) emit radiant thermal energy. As an object’s
temperature is increased, what happens to the wavelength and frequency of the radiation emitted by the
surface of the object?

5. A metal filament is heated as a current passes
through it, initially glowing a dull red colour as it
begins to heat up. As the current is increased, the red
colour of the filament becomes brighter, eventually
turning a yellow colour. As the current allows the
filament to reach its maximum temperature, it glows a
white colour.

With reference to the graph in figure 1.10, explain the
reasons for the colour changes in the metal filament
as it increases in temperature.

6. Earth’s surface has an average temperature of 288 K.
What is the wavelength of maximum emission from
Earth’s surface?

7. Our Sun gives off most of its light in the ‘yellow’
portion of the electromagnetic spectrum. 4, is
510 nm. Calculate the average surface temperature of
the Sun.

1.4 Exam questions

Question 1 (1 mark)

T3 Solar radiation incident on Earth is made up of radiation.
A. infrared

B. visible light

C. ultraviolet

D. infrared, visible and ultraviolet

Question 2 (2 marks)

Describe the effect of shiny white surfaces on the amount of energy reflected into space. Give two examples of
these surfaces.
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Question 3 (2 marks)

In the constellation of Orion, the star named Rigel is a blue-white colour, while Betelgeuse is a dull red. Based on
this observation alone, what conclusion can be made about the stars?

Question 4 (1 mark)

I The amount of radiation incident on Earth ranges from W m=.
. 0to 1368

. 0to 342

. 0to 242

. 0to 100

OO0 w>»

Question 5 (4 marks)
a. A piece of iron has a yellow glow when it reaches 1150 °C. How much more energy is emitted every second at

this temperature compared to when the iron glows red at 480 °C? (2 marks)
b. At what temperature, in degrees Celsius, would the iron give off 10 times as much energy as it does
at 480 °C? (2 marks)

More exam questions are available in your learnON title.

1.5 The electromagnetic spectrum

KEY KNOWLEDGE

* Compare the wavelength and frequencies of different regions of the electromagnetic spectrum, including
radio, microwave, infrared, visible, ultraviolet, x-ray and gamma, and compare the different uses each has in
society

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

1.5.1 Maxwell and electromagnetic waves

In 1864, James Clerk Maxwell (1831-1879) developed a theory predicting that an oscillating, and thus
accelerating, electric charge would produce an oscillating electric field, together with a magnetic field oscillating
at right angles to the electric field. These inseparable fields would travel together through a vacuum like a wave,
and the speed of the wave would be the same, whether the oscillations were rapid (high frequency and a short
wavelength) or very slow (low frequency and a long wavelength). Maxwell predicted their speed, using known
electric and magnetic properties of a vacuum, to be 3 x 108 m s!: the speed of light!

Maxwell’s model of an electromagnetic wave proposed that if a
changing electric field is produced by a charged particle movin
backfvargds and forwards Izhen this cli]anging geleclt)ric field will ¢ The elgctric .(E) and magnetic (B) fi('elds
> are uniform in each plane but vary in
produce a changing magnetic field at right angles to it, as shown in amplitude along the direction of the
figure 1.15. As the changing electric and magnetic fields — which motion of the wave.
vary in amplitude along the direction of the motion of the
wave — self-propagate outwards, they can extend into space,
with both electric and magnetic fields oscillating at the same
frequency: the frequency of the electromagnetic radiation. This
electromagnetic model of light indicated that electromagnetic
radiation could be described as a transverse wave.

FIGURE 1.15 An electromagnetic wave.

E
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What Maxwell had produced was a theory that explained how light was produced and self-propagated through
space as electromagnetic waves. This applied not only to visible light, but also to other radiation that people
cannot see, such as gamma rays and x-rays, infrared and ultraviolet radiation, microwaves and radio waves.

For light and electromagnetic radiation, due to the constant speed of light in a
vacuum, the wave equation v =fA can be rewritten as:

c=fA
where:
f = frequency (Hz)
A = wavelength (m)
¢ = speed of light = 3.0 x 108 m s7!.

The speed of light in a vacuum is the same for any wavelength/frequency.

The electromagnetic spectrum is the range of all electromagnetic radiation of different wavelengths and
frequencies. Radiation is a form of energy that travels and spreads out in three dimensions as it moves away
from its source. The electromagnetic spectrum is broken up into a range of different types based on its properties
and uses. These sections of the electromagnetic spectrum include radio waves, microwaves, infrared radiation,
visible light, ultraviolet radiation, x-rays and gamma rays.

1.5.2 The regions of the electromagnetic spectrum

All regions of the electromagnetic spectrum have proved to be useful, both for scientific observations and

for a range of everyday technologies developed and used by human societies. Some types of electromagnetic
radiation, particularly those with high frequencies and high energies, can also be hazardous to humans in certain
circumstances.

For convenience, the electromagnetic spectrum is broken up into different regions based on the wavelength of
the electromagnetic radiation. Most of the regions are named for historical purposes based on when they were
discovered and/or the uses for each region. The range, uses and hazards of these regions are summarised in
table 1.2.

TABLE 1.2 Properties of different regions of the electromagnetic spectrum

Wavelength range Uses Hazards ‘
Radio waves 1x102-1000 m ® Radio transmission None
(1 cm-1 km) ® Television transmission
* Radar
25%x102-1.0x10°m e Cooking May cause internal heating of
(2.5 um-1 cm) * Mobile phone signals body tissues
Infrared (IR) 75x107-25x10°%m e Qptical fibre Radiation felt as heat — may
radiation (750 nm-2.5 ym) communication cause the surface layers of
® Night vision/thermal skin/objects to burn or catch
vision equipment fire
® TV remote controls

(continued)
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TABLE 1.2 Properties of different regions of the electromagnetic spectrum (continued)

Wavelength range
Visible light

4.0%x107-75x10" m °
(400 nm-750 nm) °

Human/animal vision
Optical fibres —
transmitting information

Hazards

Intense light may damage
vision

Ultraviolet (UV)

radiation (1 nm-400 nm)

1.0x10°-4.0x 10" m o

Security marking on
banknotes and other
objects

Causes burning and damage
to cells in deeper layers of
skin; may cause cell damage,
cell mutations (may lead to
cancer) and cell death

(1 pm-1 nm)

o

1.0x1072-1.0x10° m o

Medical imaging of
bones and other internal
tissues

X-ray crystallography —
determining atomic
structure of crystals

Damages living cells, causing
mutations (may lead to
cancer) and cell death

(<1 pm)

Gamma rays

<1.0x10™"? m o

Radiotherapy — killing
cancer cells

Sterilising food and
medical equipment

Damages living cells, causing
mutations (may lead to
cancer) and cell death

These wavelengths are further explored in figure 1.16.

FIGURE 1.16 Forms of radiation and their place in the electromagnetic spectrum. The visible portion of the
spectrum is shown enlarged in the upper part of the diagram.
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The frequency of a light ray is determined by the source (that is, the object producing the light). The speed of the
light is determined by the material the light is passing through. This means that, when light passes from air into
water, the frequency stays the same, the speed decreases and the wavelength must also decrease.

When you are under water and you look around, the objects you see still have the same colour. This means that
your eye is responding to the frequency of the light ray and not to its wavelength. The world would be a strange
place if the eye’s response was the other way round.

SAMPLE PROBLEM 5 Calculating the wavelength and period of light when given

frequency

When light with a frequency of 5.6 x 10'4 Hz travels through a vacuum, what are the values of the
following?

a. Its period

b. Its wavelength (in nanometres)

The speed of light in a vacuum is 3.0 x 108 m s,

THINK WRITE
1
a.  The period of a wave is the reciprocal of its  a. 7'= —
frequency. f
1
5.6%10M
=1.8x10"5s

The period of the light is 1.8 x 107" s.

b. 1. Use the relationship A = ]EC to determine the b, 1= ©

wavelength. 30X 108

T 5.6x 10"
=54%x10""m

A4x1077
2. The wavelength of visible light is usually 1= —5 X 0_9 nm
expressed in nanometres (nm), where 1.0x 10

1.0nm=1.0Xx10""m. = 5.4x10* nm
The wavelength of the light is 540 nm.

PRACTICE PROBLEM 5
Calculate the frequency and period of light with a wavelength of 450 nm.

1.5.3 Visible light

Visible light is a form of radiation that can be modelled as transverse waves with colours differing in frequency.
The light is visible to us because the frequency, wavelength and energy of visible light is ‘just right’ to interact
with the cells on the rear surface (retina) of our eyes. Radiation with frequencies and wavelengths outside those
of visible light (as explored in section 1.5.1) interact differently with our body and other objects on Earth and in
the universe.
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FIGURE 1.17 The different wavelengths of visible light (in nanometres)

TABLE 1.3 Frequency and wavelength of colours

[ | Red] Orange | Yellow [ Green | Cyan | Biue | Violet |
480 520 570 600 730

Radio waves

Microwaves

Infrared

Visible
light

Ultraviolet

X-rays

Gamma rays

Frequency 430 650
(x10'2 hertz)
Wavelength 700 625 580 525 500 | 460 410
(nanometres)
1.5 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS ®

1.5 Quick quiz on 1.5 Exercise U 1.5 Exam questions L

1.5 Exercise

1. Take the speed of light in a vacuum as c=3.0x 108 m s™".
Calculate the period of orange light, which has a frequency of 4.8 x 10" Hz.

2. Take the speed of light in a vacuum as c=3.0x 108 m s™".
Microwaves have a frequency ranging from 1.0 x 10'° through to 1.0 x 10'2 Hz. Determine the range of
wavelengths associated with microwaves.

3. Take the speed of light in a vacuum as c=3.0x 108 ms7".
X-rays used by dentists have a wavelength of 2.7 x 10~"" m. What is the frequency and hence the period of the
x-rays produced?

4. Power lines that carry electrical energy use an AC current. These cables emit electromagnetic radiation with a
period of 20 ms.
a. What is the frequency of the radiation emitted by power lines?
b. What is the wavelength of this radiation?
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5. Take the speed of light in a vacuum as c=3.0x 108 ms7".
When blue light of frequency 6.5 x 10'* Hz travelling through the air meets a glass prism, its speed decreases
from 3.0x 108 m s t0 2.0 x 108 m s™'. Calculate the following:
a. The wavelength of the blue light in the air
b. The wavelength of the blue light in the glass

1.5 Exam questions

Question 1 (3 marks)
Source: /CE 2020 Physics Exam, Section B, Q.14; © VCAA

Figure 13 shows a representation of an electromagnetic wave.
Correctly label Figure 13 using the following symbols.

E - electric field B - magnetic field ¢ - speed of light A1 — wavelength

1,‘1\
1
(]

Question 2 (1 mark)
T The range of frequencies of electromagnetic radiation is called the electromagnetic spectrum.

Which of the following is not part of the electromagnetic spectrum?
X-rays

Microwaves

Sound waves

Radio waves

oow>

Question 3 (1 mark)

T Which of the following types of waves from the electromagnetic spectrum have wavelengths greater than
1 metre in length?

Gamma rays

Radio waves

X-rays

Ultraviolet rays

oow>

Question 4 (1 mark)
How fast do electromagnetic waves travel in a vacuum?

Question 5 (1 mark)

What is the wavelength of red light from the visible portion of the electromagnetic spectrum?

More exam questions are available in your learnON title.
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1.6 Review

Hey students! Now that it's time to revise this topic, go online to:

Access the Review your Watch teacher-led Practise exam
topic summary results videos questions

Find all this and MORE in jacPLUS C)

1.6.1 Topic summary

Rarefaction
Compression
Longitudinal waves
Peak
. . Transverse waves
Light (Unit 1)
Particles (Unit 4) Trough
Wave equation
v=f1
v=i =
-
— Waves Wavelength _— Radio waves
Electromagnetic
radiation Microwaves
Frequency —
Energy transfer
Infrared (IR)
Period —
Visible light Decreasing
Amplitude wavelengt
Electromagnetic Ultraviolet (UV)
spectrum
T X-rays
—> Blackbody radiation «—— Thermal energy
Gamma rays
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1.6.2 Key ideas summary Elineonly

1.6.3 Key terms glossary @dlineonly
Resources
Solutions Solutions — Topic 1 (sol-0787)

Practical investigation eLogbook Practical investigation eLogbook — Topic 1 (elog-1570)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 1 (doc-36951)
Key ideas summary — Topic 1 (doc-36952)

Exam question booklet Exam question booklet — Topic 1 (egb-0069)

1.6 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C]

1.6 Review questions

1. Waves are capable of transferring energy from one place to another. Explain why waves require a medium
to achieve this.

2. A student is studying surface waves using water at a local swimming pool. She makes waves at a rate of
two every second and the ripples radiate away from the source.
a. What is the period of the waves?
b. The waves radiate away from the source at a speed of 2.5 m s~!. What is the distance between two

adjacent peaks; that is, the wavelength of the waves?
c. If the student increases the rate at which she makes waves, what will happen to the wavelength of the
waves? What will happen to the speed of the waves?

3. Sound produced by an opera singer has a frequency of 926 Hz.
a. What is the period of the sound wave?
b. Taking the speed of sound to be 340 m s~!, what is the wavelength of this sound in air?

4. Humans can hear sounds ranging from approximately 20 Hz to 20 000 Hz. What is the wavelength
associated with these frequencies in air?

5. Blue light has a frequency of 6.5 x 10'* Hz, and yellow light has a frequency of 5.2 x 10'* Hz.
Determine the wavelengths of both blue and yellow light in air. Take the speed of light in air to be
3.0x 108 ms™'.

6. Lasers can be rapidly switched on and off to produce a pulse of light. A particular pulse of blue light
(6.5x 10'* Hz) consists of 1.0 x 10° complete cycles. What is the distance between the start and end of this
particular pulse? Hint: How much time would it take to produce this pulse?
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1.6 Exam questions

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCE 2018 Physics Exam, Section A, Q.11; © VCAA

Alex hears the siren from a stationary fire engine.

Compared with the sound Alex hears from the stationary fire engine, the sound Alex will hear as the fire engine
approaches him will have increased

A. speed.

B. period.

C. amplitude.

D. frequency.

Question 2

Source: VVCE 2016 Physics Exam, Section B, Q.2; © VCAA

A sound engineer, Dan, is setting up for a concert in a large stadium. In order to test the acoustics of the stadium,
he sets up a single speaker in the middle of the stage. This speaker transmits sound equally in all directions.
Using a signal generator and ampilifier attached to the speaker, he sets the frequency of the sound to 500 Hz. Take
the speed of sound to be 350ms™".

The wavelength of the signal is closest to

A. 0.07 m.
B. 0.70m.
C. 1.43m.
D. 2.34 m.

Question 3

Source: VCE 2015 Physics Exam, Section B, Q.1; © VCAA
A loudspeaker emits a sound of frequency 30 Hz. The speed of sound in air in these conditions is 330ms™".
Which one of the following best gives the wavelength of the sound?

A. 30m
B. 11m
C. 33m
D. 0.091 m

Question 4

Source: VCE 2013 Physics Sample exam for Units 3 and 4, Q.2; © VCAA

A particle of dust is floating at rest 10 cm directly in front of a loudspeaker. dust particle
The loudspeaker is not operating. The loudspeaker then emits sound of .A/

frequency of 10 Hz and speed of 330ms™'. The loudspeaker now emits a

sound of frequency 220 Hz.

Which one of the following best gives the wavelength of the sound from the loudspeaker?
A. 0.67m

B. 1.5m

C. 220 m

D. 7.3 x10*m
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Question 5

Source: VCE 2008 Physics Exam 2, Section B, Q.2; © VCAA
A particle of dust is floating at rest 10 cm directly in front of a loudspeaker that is not operating.

The loudspeaker then emits sound of frequency of 10 Hz and spread of 330 m s,
Which one of the following statements best describes the motion of the dust particle?

A. It vibrates vertically up and down at 10 Hz remaining on average 10 cm in front of the loudspeaker.

B. It vibrates horizontally backwards and forwards at 10 Hz remaining on average 10 cm in front of the
loudspeaker.

C. It travels away from the loudspeaker at 330 m s~ while moving horizontally backwards and forwards at 10 Hz.
D. It remains at rest.

Question 6

The time taken for a complete cycle of a wave is known as which of the following quantities?
A. Frequency

B. Period

C. Wavelength

D. Amplitude

Question 7

A student uses a high-speed camera to analyse the motion of waves in the strings of a guitar. They measure the
maximum size of the disturbance produced by the wave.

Which of the following wave properties are they measuring?
A. Frequency

B. Period

C. Wavelength

D. Amplitude

Question 8

What would happen if Earth did not emit infrared radiation?

A. It would have no effect on Earth’s climate.
B. Earth would be slightly warmer.

C. Earth would be too hot to support life.

D. Earth would emit visible light instead.

Question 9

Electromagnetic radiation from the Sun, corresponding with peak radiation, is primarily in the visible light range on
the electromagnetic spectrum.

Electromagnetic radiation from Earth is primarily in which portion of the electromagnetic spectrum?
A. Infrared

B. Visible

C. Microwave

D. Ultraviolet
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Question 10

Which of the following properties of sound is independent of the source producing the sound?

A. Frequency

B. Amplitude

C. Speed

D. None of the above

Section B — Short answer questions ‘

Question 11 (5 marks)

a. In what way are longitudinal waves different from transverse waves? Give an example of each type of wave in

your answer. (2 marks)
b. Jenny states that longitudinal and transverse waves have similarities. Discuss three ways in which both types
of waves are similar. (3 marks)

Question 12 (3 marks)

Consider the wave pattern shown in the following diagram, which illustrates compressions and rarefactions of a
sound wave at one instant progressing to the right.

=

Travelling wave moving to the right

X

a. If the distance between a compression and adjacent rarefaction is measured to be 2.25 cm, determine the
wavelength of the sound wave. (1 mark)

b. If the speed of the wave to the right is 38 cm s™', calculate the frequency of the source of the waves. (1 mark)
c. Consider the compression labelled X on the diagram.
Describe where the point X would be found 0.10 s later. (1 mark)

Question 13 (4 marks)

The following graph shows how A4, (the wavelength of the peak of the radiation spectrum) for a range of stars
varies with their surface temperatures.

0.6

0.4

/’Lmax (”m)

0.2 1

T T T T
0 5000 10000 15000 20000
Temperature (K)
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a. Estimate the surface temperature of a star whose intensity peaks at a wavelength of:

i. 0.4um (1 mark)

ii. 0.25um. (1 mark)
b. Estimate the peak wavelength for a star with a surface temperature of:

i. 15000 K (1 mark)

ii. 5555 K. (1 mark)

Question 14 (2 marks)

A sound wave with a frequency of 440 Hz travels at a speed of 4600 m s~ in brass.

Calculate its wavelength.

Question 15 (5 marks)

In the late nineteenth century, light was regarded as an electromagnetic wave because of the theoretical work
done by James Maxwell.

a. Explain what is meant by the phrase electromagnetic waves. (1 mark)

b. Consider four different types of electromagnetic waves: y-rays, radio waves, UV light and microwaves.

Match each of the four types of electromagnetic waves with the wavelengths listed in the
following table. (4 marks)

Hey teachers! Create custom assignments for this topic

— Create and assign Access quarantined e — Track your
"o L

unique tests and exams tests and assessments 4 5  students’ results

Find all this and MORE in jacPLUS C)
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AREA OF STUDY 1 HOW ARE LIGHT AND HEAT EXPLAINED?

2 Investigating light

KEY KNOWLEDGE

In this topic, you will:

* investigate and analyse theoretically and practically the behaviour of waves including:
« refraction using Snell’s Law: nysin(6;) = nysin(8,) and nyvy = n,v,
o total internal reflection and critical angle including applications: nysin(6;) = n,sin(90°)

¢ investigate and explain theoretically and practically colour dispersion in prisms and lenses
with reference to refraction of the components of white light as they pass from one medium
to another

® explain the formation of optical phenomena: rainbows; mirages

*® investigate light transmission through optical fibres for communication.

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led videos, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access exam-style questions and their video solutions in every lesson, to ensure you
are ready.

{hR

i Y



2.1 Overview

Hey students! Bring these pages to life online AN ’Zq
Watch Engage with Answer questions ,,) 9
videos interactivities and check results /°

2.1.1 Introduction

Sight is the sense by which humans and a multitude
of other animals get most of their information about
the world. This sense responds to light. Light as
electromagnetic radiation has already been introduced
in topic 1. However, you might still have questions,
such as where does light come from? What can it do?
How can its properties be explained? What is colour?

FIGURE 2.1 Understanding light as a wave helps to
explain many physical phenomena.

Some obvious observations concerning light include
the following:
¢ Sources of light are needed for a person to be
able to see.
e Light travels very fast and appears to travel in a
straight line.
e Light produces shadows.
e Light is sensed by people as exhibiting different colours.

Such observations were made long before the development of scientific fields to study them. For instance,
when fishing in rivers, Aboriginal and Torres Strait Islander fishermen knew to approach the banks of the river
carefully to avoid being detected.

This topic will explore these early observations of light and develop your understanding that light acts as a wave.

LEARNING SEQUENCE

2.1 OVEIVIBW ..o 22 et
2.2 Refraction using Snell’'s Law ...........c..ccccccoo.....

2.3 Total internal reflection and critical angle
2.4 DISPEISION ..ot
2.5 OPLICAl PRENOMIENA ..ot
2.6 REVIBW ...

Resources

Solutions Solutions — Topic 2 (sol-0788)

Practical investigation eLogbook Practical investigation eLogbook — Topic 2 (elog-1571)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 2 (doc-36953)
Key ideas summary — Topic 2 (doc-36954)

Exam question booklet Exam question booklet — Topic 2 (egb-0070)
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2.2 Refraction using Snell’s Law

KEY KNOWLEDGE

* |nvestigate and analyse theoretically and practically the behaviour of waves including:
« refraction using Snell’s Law: n;sin(6;) = n,sin(6,) and n,v; =n,Vv,

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

2.2.1 BACKGROUND KNOWLEDGE: Light and its properties

BACKGROUND KNOWLEDGE

® Understand the propagation of light and how it travels
® |nvestigate the reflection of light, and observe that the angle of incidence equals the angle of reflection
¢ |dentify that colour is both a property of light and an aspect of human perception

Before a study of light can take place, some background information is necessary.

Sources of light

When you experience darkness at night or in an
enclosed room, you know that a source of light, such
as the Sun or a lamp, is needed to light up the darkness.
Once a lamp is turned on, you can see features in the
room because the light from the lamp shines on them
and is then reflected into your eyes.

FIGURE 2.2 The Pleiades open star cluster in the
constellation Taurus. All stars are incandescent
sources of light.

This means that objects can be classified into two
groups. Objects seen because they give off their own
light are called luminous objects; those seen because
they reflect light are called non-luminous objects. The
Sun, torches and candles are luminous objects. Tables,
chairs, cats and dogs are non-luminous objects. Note
that some living organisms, such as some jellyfish,
glow-worms and fireflies, are bioluminescent, meaning
they produce and emit their own light.

As seen in topic 1 with blackbody radiation, some
luminous objects produce light because they are hot. The Sun is one example. The higher the temperature, the
brighter the light. This also causes a change in colour. These objects are called incandescent.

Other objects are cold and produce light in another way. This involves changes

. . . . . luminous refers to objects seen
in the energy of electrons in the material brought about by either chemical or )

because they give off their own

electrical processes. light
incandescent refers to luminous
Propagation of |ight objects that produce light
. . . . . because they are hot; the higher
The gap experienced between seeing lightning and hearing thunder shows that the temperature, the brighter the
sound travels relatively slowly compared to light, which seems to travel so fast light, and the colour also changes

that its speed seems infinite; that is, events seem to be observed at the instant they
happen. As seen in the previous topic, light is electromagnetic radiation travelling
at the speed of light, ¢, in a vacuum.
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SAMPLE PROBLEM 1 Calculating how long it takes for the light from the Sun to reach

tlvd-3855

Earth

How long does light take to travel from the Sun to Earth, given that the speed of light is
3.0 x 108 m s! and the distance to the Sun is 1.50 x 10! m?

THINK WRITE

1. To calculate the time taken for light to travel from the Speed of light=3.0x 10® m s~
Sun to Earth, the speed of light and the distance from Distance from Sun to Earth = 1.50 x 10! m
the Sun to Earth need to be known.

2. Substitute the values for the speed of light and the Average speed = dlsta.nce et
distance between the Sun and Earth into the _ time taken
following equation and solve for time: = Time taken = distance travelled
Averace speed — distance travelled average S;pl)eed

AL time taken _ 1.50%x 10" m
3.0x 108 ms™!
=0.50x10%s
=500 s

= 8 minutes 20 seconds

PRACTICE PROBLEM 1

The Moon is approximately 380 000 km from Earth. How long would it take light to travel from a
laser based on Earth to reflect off a mirror positioned on the Moon and then return back to Earth?

SAMPLE PROBLEM 2 Calculating the distance travelled by light in one year

tlvd-3856

How far does light travel in one year (one light-year) in a vacuum?

THINK WRITE
1. To calculate the distance that light travels in one year, Speed of light = 3.0x 108 m s~!
the speed of light and the number of seconds in a year Seconds in a year = 365.25 X 24 x 3600
need to be known. = 31557 600 seconds
2. Substitute the values for the speed of light and the Distance travelled = average speed X time
time taken into the following equation and solve for = 3.0 108 x (31 557 600)
distance:
. . =9.5x10" m
Distance travelled = average speed x time
=9.5%x10"2 km

PRACTICE PROBLEM 2

In an optic fibre made from glass, it takes light 1.0 us to travel a distance of 200 m. What is the speed
of light in glass? Is it greater or less than the speed of light in a vacuum?
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elog-1782

INVESTIGATION 2.1 Mline

Luminous or not
Aim
To determine, from a list, which items are luminous and which items are non-luminous

Ray model for light

The need for sources of light, the great speed of light and the existence of sharp . .
. . light ray an infinitely narrow
shadows can be described by a ray model. The model assumes that light travels beam of light, represented as a
in a straight-line path called a light ray. A light ray can be considered as an straight line
infinitely narrow beam of light and can be represented as a straight line, as shown
in figure 2.3. In reality, light propagates away from its source in three dimensions.
However, this idealised geometric model of light is useful in helping to predict
the behaviour of light.

The bright Sun produces sharp shadows on the ground (see figure 2.4). The shape of the shadow is the same
shape as the object blocking the light. This could happen only if light travels in a straight line.

FIGURE 2.3 Light rays leave a point on this pencil FIGURE 2.4 The straight rays passing the edge
and travel in straight lines in all directions. The of a bird leave a sharp shadow on the ground.
pencil is seen because of the ‘bundle’ of rays that
enter the eye.

/
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Reflection: regular and diffuse

When you look at yourself in a plane mirror, some of the light rays from your nose, for example, travel in the
direction of the mirror and reflect off in the direction of your eye (as seen in figure 2.5). What is happening at the
surface of the mirror to produce such a perfect image?

FIGURE 2.5 Light rays from the tip of the nose reflect off the mirror and enter the eye. During reflection the
frequency of the light is unchanged. Otherwise, your clothes might seem a different colour in the mirror!

Mirror

To investigate the reflection of light, the angles made by the rays need to be measured. o
M fth | h hat. like a ball b . ffafl 1L th angle of incidence the angle
easurements of these angles show that, like a ball bouncing off a at wall, the between an incident ray and the
angle of incidence equals the angle of reflection (as observed in figure 2.6). The ray normal
approaching the mirror is called the incident ray. The ray leaving the mirror is called angle of reflection the angle
the reflected ray. The normal is a line at right angles to the mirror. The angles are betwe(lan a reflected ray and the
. . norma
measured between each ray and the normal. It can be observed that the incident ray, : . :
L. normal a line that is perpendicular
the normal and the reflected ray all lie in the same plane. to a surface or a boundary between
two surfaces

FIGURE 2.6 The angle of incidence always equals the angle of reflection.

Normal

Incident ray Reflected ray

Angle of incidence Angle of reflection

Mirror
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Reflection from a smooth surface is called regular reflection (also referred to as

specular reflection). But what happens with an irregular surface, such as a page regular reflection reflection from

a smooth surface; also referred to

in a book? A page is not smooth like a mirror. At the microscopic level, ‘hills as specular reflection
and valleys’ exist. As the light rays come down into these hills and valleys, they diffuse reflection reflection from
still reflect with the two angles the same but, because the surface is irregular, the arough or irregular surface

reflected rays emerge in all directions. This is called diffuse reflection. Light rays
from diffuse reflections — from the ground, trees and other objects — enter the
eye and enable the brain to make sense of the world. Therefore, observers in all
directions receive light from the surface.

FIGURE 2.7 The incident ray, the ‘normal’ to the FIGURE 2.8 In diffuse reflection, each of the
surface of the mirror and the reflected ray all lie incoming parallel rays meets the irregular surface
in the same plane, which is at right angles to the at a different angle of incidence. The reflected rays
plane of the mirror. will therefore go off in different directions.

Normal

Observer A
KK\\

\

Reflected ray

Observer B
\\\k

Mirror dl

Incident ray

Irregular surface

EXTENSION: What is colour?

Colours are an important part of humanity’s language and environment. Colours can be peaceful to the eye or
very stimulating. Colours are used in language to convey feelings and emotions (for example, fiery red, warm
orange and icy blue).

At first, colour may seem to be a defining part of an object, like size, shape and texture. For example, you can say
green leaves, red earth and blue eyes. It is only when experiments are done with light that you can observe that
the colour or appearance of an object changes with the light that is shining on it, as shown in figure 2.9.

Here, it seems that colour — pure colour — is separate from any solid object. Colour is both a property of light
and an aspect of human perception.

FIGURE 2.9 Changing the colour of the light on these flowers from white to
red to blue changes one’s perception of their colour.

b. Red light c. Blue light
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tlvd-3857

2.2.2 Bending of light: Snell’s Law

Experience shows that when you are spearing for fish in the
shallows, you must aim the spear below where the fish appears

to be in the water. At the beach or in a pool, people standing in the
shallows appear to have shorter legs. Perception is distorted, but
the reason is not apparent.

When a special situation is set up, such as in figure 2.10, where

a straight rod is placed in a beaker of liquids that do not mix,

the idea of the change of direction of the light is apparent. This
change in direction is called refraction. Refraction occurs when
light travels from one medium to another, such as when travelling
through air and into water.

The ray model can help explain observations of light. If a fish
seems closer to the surface of the water, the ray of light from the
fish must have bent. To your eye, the ray seems to be coming from
another direction. Given that light can travel both ways along a
light path, the fish will see the spear-thrower further towards the
vertical.

FIGURE 2.10 An example of refraction

The ray model not only provides a way of describing your observations of the bending of light, but also of
taking measurements. The angle that a ray of light makes with the normal — the angle of incidence and angle

of refraction — can be measured and investigated.

FIGURE 2.11 The rays from the fish bend when they enter the air. To the eye, the

rays appear to come from a point closer to the surface. The fish appears closer

to the surface and physically further away from the observer than it actually is. In

reality, the fish is deeper in the water and closer to the observer than it appears.

Air
Water

—« Fish appears

Fish is here ——> to be here

refraction the bending of light as
it passes from one medium into
another

angle of refraction the angle

between a refracted ray and the
normal

INVESTIGATION 2.2 0N - only!

Seeing is believing
Aim
To observe the bending of light

Resources

Weblink Bending light applet (web-7434)
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Snell’s Law

In 1621, the Dutch physicist Willebrord Snellius (1580-1626), known in the English-speaking world as
Willebrand Snell, investigated the refraction of light and found that the ratio of the sines of the angles of
incidence and refraction was constant for all angles of incidence.

sinb;
L — constant

sinf,
where:
6; is the angle of incidence

6. is the angle of refraction

Figure 2.12 shows how an incident ray is affected when it meets the boundary between air and water. The
normal is a line at right angles to the boundary, and all angles are measured from the normal. Some of the light
from the incident ray is reflected back into air, while the rest is transmitted into the water. The ratio shown in
figure 2.12 is a constant for all angles of light travelling from air to water.

FIGURE 2.12 The ratio S.I 5 is constant for all angles for light travelling from air to water.
siné,
Angle of Angle of
incidence  Normal reflection

Incident ray Reflected ray

Air
Water

Boundary

1Angle of
y ref?action Refracted ray

EXTENSION: Early history of refraction

Snell’s Law was first discovered by Abd Sa‘d al-‘Ala’ ibn Sahl (c. 940-c. 1000), a Muslim physicist in the court
in Baghdad, in 984. He reported his findings in his book on burning mirrors and lenses. Ibn Sahl used the
relationship to design a shape for lenses that overcame the problem of spherical aberration. Ptolemy

(c. 100-c. 170), a Greco-Egyptian mathematician, had investigated refraction much earlier, compiling a table of
angles for light travelling from air into water.

Snell repeated his experiments with different substances and found that the ratio between the sines of the angle
of incidence was constant for a given substance. However, he found that each substance had a different value for
this constant. This suggested that different substances bend light by different amounts. (Remember that some
light is always reflected.)

. . . . . relative refractive index a
In fact, there is a different ratio for each pair of substances (for example, air and measure of how much light

glass, air and water). A different ratio is obtained for light travelling from water bends when it travels from any
into glass. The value of the ratio is called the relative refractive index because one substancs into any other
it depends on the properties of two different substances. The relative refractive substance

index represents the relative bending of light from one medium to another.
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The bending of light always involves light
travelling from one substance to another (and

an angle of incidence different from zero in

the first medium). It is not possible to find the
effect of a particular substance on the deflection
of light without adopting one substance as a
reference standard. Once you have a standard,
every substance can be compared with it.

A natural standard is a vacuum — the absence
of any substance. The absolute refractive index
of a vacuum is given the value of one. From this,
the absolute refractive index of all other
substances can be determined. Some examples
are given in table 2.1. (The word ‘absolute’ is

TABLE 2.1 Values for absolute refractive index

(Material | Value

Vacuum 1.000 00
Air at 20 °C and normal atmospheric pressure 1.000 28
Water 1.33
Perspex 1.49
Quartz 1.46
Crown glass 1.52
Flint glass 1.65
Carbon disulfide 1.63
Diamond 2.42

commonly omitted and the term ‘refractive index’ usually refers to the absolute refractive index.) The absolute
refractive index measures the bending ability of a material compared to that of a vacuum, whereby light travels

in straight lines and is not bent.

The refractive index is given the symbol n because it is a pure number without any
units. This enables a more useful restatement of Snell’s Law. For example:

nairsuleair = Nywater Slnewater

More generally this would be expressed as follows:

absolute refractive index the
relative refractive index for light

travelling from a vacuum into a

substance, commonly referred to

as the refractive index

np Sinel = nzsinez

where:

ny is the refractive index of the first medium

n, is the refractive index of the second medium

6, is the angle of incidence

6, is the angle of refraction.

FIGURE 2.13 A graphical depiction of Snell’s Law for any two substances. Note that the light ray has no arrow,
because the relationship is true for the ray travelling in either direction, and reflected light rays have been omitted

for clarity.

Boundary

Normal

i
Medium 1
refractive index n4

Medium 2
refractive index n,

n4sind; = ny,sind,
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SAMPLE PROBLEM 3 Calculating the angle of refraction using Snell’s Law
tlvd-0196

A ray of light moving through air strikes a glass block of refractive index 1.45 at an angle of incidence
of 30°. What is the angle of refraction?

THINK WRITE
1. List the known information. Myir = 1.05 By = 30% Ngjaes = 1.45; O = ?
2. Use Snell’s Law, n, sinf; = n, sin6,, to 1.0 X sin30° = 1.45 X sinQyjg
determine the angle of refraction. . .
sn]eﬂlass =
: 1.45
= (0.3448
= eglass = Sln_](03448)
=20.17°
=20°

PRACTICE PROBLEM 3

A ray of light moving through air enters a plastic block at an angle of incidence of 40°. The angle of
refraction is 30°. What is the refractive index of the plastic?

EXTENSION: Gravitational fields and bending light

Light can be bent by a strong gravitational field, such as that near the Sun. The gravitational field can act like
a convex lens. Light from a distant star that is behind and blocked by the Sun bends around the Sun so that
astronomers on Earth see an image of the star to the side of the Sun. This is quite different to how refraction

OCcCurs.

INVESTIGATION 2.3 0N - only]
elog-1785

Snell’s Law

tvd-0251  Aim

To observe the refraction of light and to use Snell’s Law to determine the refractive index of a medium

Resources

Video eLesson Refraction of light and Snell’s Law (eles-0037)
Interactivity Refraction of light and Snell’s Law (int-0056)
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INVESTIGATION 2.4 (o] - - only]

Refraction of waves
Aim
To observe the wavelength and refraction of waves travelling from deep to shallow water

Speed of light in a material

The results of the work of Jean Bernard Leon Foucault (1819-1868) and Hippolyte Fizeau (1819-1896), along
with the work of Augustin-Jean Fresnel (1788-1827) (pronounced ‘fray-NEL’), showed that the speed of light
in water was less than the speed of light in air. This allowed scientists to determine the physical meaning of the
refractive index:

speed of light in a vacuum

Absolute refractive index of water = —
speed of light in water

In general:

The refractive index of a material is the ratio of the speed of light in a vacuum
to the speed of light in the medium:

where:
n 1s the refractive index of the medium
c is the speed of light in a vacuum (3.0 x 103 m s‘l)

v is the speed of light in the medium.

Hence, the higher the refractive index, the slower the speed of light in the medium.

The formula can be rearranged to give:

Nyater X Vwater = €

where:
¢ = the speed of light in a vacuum
Vwarer = the speed of light in water.

Similarly, for glass, ngjas X Vglass = ¢, Which means nyj,66 X Volags = Mwater X Vwater, O a8 @ general relationship for
any two materials:

nvy=nyv,

where:
n; and n, are the refractive indices of medium 1 and medium 2

v, and v, are the speed of light in medium 1 and in medium 2.
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SAMPLE PROBLEM 4 Calculating how fast light travels using the refractive index
tlvd-0197

elog-1787

tlvd-0849

a. The refractive index of glass is 1.5. How fast does light travel in glass?
b. Use the answer to part a to determine the speed of light in water (7yater = 1.33).

THINK WRITE
3.0x 108
a. Use the relationship n,j,e = —° to calculate a. 1.5 = X -
Vel (speed of light in glass)
the speed of light in glass. 8
= Speed of lightin glass = %
=2.0x10%ms™!
b. Use the relationship b.  7glass X Vglass = Pwater X Vwater
Nglass X Velass = Mwater X Vwater t0 determine the 15%2.0% 108 = 1.33 X v
speed of light in water. ’ ’ ’ waer
1.5x2.0x 108
= Vyater = T a5
1.33
=23x108 ms™!

PRACTICE PROBLEM 4

a. How fast does light travel in diamond (#4jamona = 2.42)?
b. Use the answer to part a to determine the speed of light in carbon disulfide (72¢arhon disuifige = 1.63).

INVESTIGATION 2.5 [on1 1 - only

Using apparent depth to determine the refractive index

Aim
To determine the refractive index using apparent depth

2.2 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS (C)

2.2 Quick quiz on 2.2 Exercise U 2.2 Exam questions L

2.2 Exercise

1. Calculate the longest and shortest time for a radio signal travelling at the speed of light (3.0 x 108 m s™") to
go from Earth (the radius of Earth’s orbit around the Sun is 1.50 x 10'" m) to a space probe when the space
probe is:

a. near Mars (the radius of Mars’s orbit around the Sun is 2.28 x 10'" m)
b. near Neptune (the radius of Neptune’s orbit around the Sun is 4.50 x 102 m).
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2. Aray of light strikes a plane mirror with an angle of incidence of 25° and regular reflection takes place.

a. What angle does the light ray make with the mirror surface?
b. What is the angle of reflection?

3. A student arranges a beam of light from a laser to strike a plane mirror such that the incident beam and the
reflected beam form a right angle. What is the angle of incidence that the light from the laser makes with the
mirror?

4. Aray of light in air (n,, = 1.00) strikes water in a pond. What is the angle of refraction in water (1,4, = 1.33)
for an angle of incidence of 40°? If the angle of incidence is increased by 10°, by how much does the angle
of refraction increase?

5. Aray of light enters a plastic block at an angle of incidence of 55° with an angle of refraction of 33°. What is
the refractive index of the plastic?

6. Aray of light passes from air through a rectangular glass block (ny,ss = 1.55). The angle of incidence as the
ray enters the block is 65°.

a. Calculate the angle of refraction at the first face of the block.
b. Calculate the angle of refraction as the ray emerges on the other side of the rectangular block. Comment
on your answers.

7. Aglass block (ny,s = 1.55) is immersed in a container of water (1, = 1.33). A light ray passes from the
water into the glass block at an angle of incidence of 28.0°. Determine the angle of refraction in the glass
block.

8. Determine the speed of light in the following materials:

a. water (N = 1.33)

b. glass (ngjsss = 1.50)

c. diamond (Ngiamong = 2-42).

9. Immiscible liquids are liquids that do not mix. Immiscible Light
liquids will settle on top of one another, in the order 1y
of their density, with the densest liquid at the bottom.

Some immiscible liquids are also transparent.
a. Calculate the angles of refraction as a ray passes down

through immiscible layers as shown in the diagram. Air — n=1.00
b. If a plane mirror was placed at the bottom of the beaker,

calculate the angles of refraction as the ray reflects back Acetone — s n <1357
to the surface. Comment on your answers.

Glycerol —~ n=1.4746

Carbon —- n=1.4601

tetrachloride
Glass beaker n=1.53

10. Calculate the sideways deflection as a ray of light goes through a parallel-sided plastic block (pstic = 1-4)
with sides 5.0 cm apart, as in the following figure.

30°

5cm
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2.2 Exam questions

Question 1 (1 mark)
Source: VCE 2019 Physics Exam, Section A, Q.9; © VCAA

Il A monochromatic light ray passes through three different media, as shown in the diagram below.

Medium 1

Medium 2

—

Assume that v, is the speed of light in Medium 1, v, is the speed of light in Medium 2 and v; is the speed of light
in Medium 3.

Medium 3

Which one of the following would best represent the relative speeds in the media?
L V>V, >V,
L V> V>V,
. V3>V >V,
L Vg> V>V,

OO0 w>»

Question 2 (1 mark)
T Refraction occurs as light passes from one medium to another.
Refraction is associated with a change in which of the following pairs of properties of the light wave?
A. Frequency and direction
B. Speed and frequency
C. Speed and direction
D. Frequency and wavelength
Question 3 (2 marks)
A light ray travelling in dry air (n = 1.00) enters glycerine (n = 1.47) at an angle of incidence of 17 degrees.

What is the angle of the refracted ray in the glycerine?

Question 4 (2 marks)

A light ray travelling in crown glass (n = 1.60) enters an unknown material at an angle of incidence of 30 degrees.
The refracted ray is found to be travelling at an angle of 42 degrees from the normal.

Calculate the refractive index of the unknown material.

Question 5 (1 mark)

What is necessary for light to travel directly across the boundary between two materials without any change
in direction?

More exam questions are available in your learnON title.
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2.3 Total internal reflection and critical angle

KEY KNOWLEDGE

* |nvestigate and analyse theoretically and practically the behaviour of waves including:
« total internal reflection and critical angle including applications: n,sin(6,) = n,sin(90°)
¢ Investigate light transmission through optical fibres for communication

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

2.3.1 The critical angle

It has already been mentioned that some light is reflected

off a transparent surface while the rest is transmitted into .

th t med Thi i hether the refracted but strange reflections can be seen. It appears
the next medium. 1ms applies whether (he refracted ray that light is being reflected off the side of the fish
is bent towards or away from the normal. el mrel e e B e

FIGURE 2.14 There are no mirrors in a fish tank

However, a special situation applies when the refracted
ray is bent away from the normal. This is illustrated in
figure 2.15. As the angle of incidence increases, the angle
of refraction also increases. Eventually the refracted ray
becomes parallel to the surface and the angle of refraction
reaches a maximum value of 90° (see figure 2.15b).
When this condition is met, the corresponding angle

of incidence is called the critical angle. If the angle

of incidence is increased beyond the critical angle, all

the light is reflected back into the water, with the angles
being the same. This phenomenon is called total internal
reflection (see figure 2.15c).

FIGURE 2.15 Three stages of refraction leading to total internal reflection

a. Below critical angle b. At critical angle c. Above critical angle
6, < 90° 0, =90° (Total internal reflection—
no refraction possible)

Air
Water

The critical angle can be calculated using Snell’s Law:

critical angle the angle of incidence
. . for which the angle of refraction

n; X sinG, =n, X sin90° is 90°; the critical angle exists

only when light passes from one
substance into a second substance
with a lower refractive index

total internal reflection the total
reflection of light from a boundary
between two substances; it occurs
when the angle of incidence is
greater than the critical angle

where:
n, is the refractive index of medium 1
n, is the refractive index of medium 2

6. is the critical angle for medium 1.
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Note that when the second medium is air, the critical angle for medium one is simply: 6, = —

ny

SAMPLE PROBLEM 5 Determining the critical angle for water using the refractive index

What is the critical angle for water given that the refractive index of water is 1.3 and the refractive

index of air is 1.0?

THINK WRITE
1. List the known information. Ngir = 1.0; B = 90°%; Ryarer = 1.35 Oater = 7
2. Use the relationship Nyater X SINE, = My, X 8in90°
Nyater X SINE, = ny;, X sin90° to determine
the critical angle for water. 1.3 xsinf. = 1.0 x5in90°
. sin90°
= sinb, =
1.3
=0.7692
= 6, = sin~1(0.7692)
=50.28°
= 50°

The critical angle is 50°.

PRACTICE PROBLEM 5

Diamond has a refractive index of 2.42.

a. What is the value of the critical angle for a diamond-air interface?
b. The diamond is now placed in water (n = 1.33). Would the critical angle increase, decrease or stay

the same?

c. Determine the critical angle for a diamond-water interface.

Total internal reflection is a relatively common atmospheric phenomenon (as in optical fibre a thin tube of

mirages) and it has technological uses (for example, in optical fibres).

2.3.2 Internal reflection in optical fibres

Another example of total internal reflection, whereby light is
completely reflected back into a medium, is in the important
technological application of optical fibres. Optical fibres have a
number of uses, such as in medical imaging, where a thin, flexible
cable containing an optical fibre can be placed inside a person’s
body to transmit pictures of the condition of organs and arteries,
without the need for invasive surgery. The same can be done in
industry when there is a problem with complex machinery, or

to investigate blocked pipes (see figure 2.16). Optical fibres are
also the basis of the important telecommunications industry. They
allow high-quality transmission of many channels of information
in a small cable over very long distances, in both directions, and
with negligible signal loss.

transparent material that allows
light to pass through without
being refracted into the air or
another external medium

FIGURE 2.16 Fibre optic cable with a
camera used to investigate a blockage in

a pipe
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An optical fibre is like a pipe with a light shone

in one end that comes out the other end. An F |GURE 217 A byndlle Of. optical flbr.es. Each fibre
in the bundle carries its signal along its length. If the

optic?ll fibre is made of g}z;ss that. is approximately individual fibres remain in the same arrangement, the
10 micrometres (10 x 10™ m) thick. Light travels bundle will emit an image of the original object.

along it, as glass is transparent, but the fibre needs

to be able to turn and bend around corners. The
optical fibre is designed so that any ray meeting the
outer surface of the glass fibre is totally internally
reflected back into the glass. As shown in figure 2.18,
the light ray meets the edge of the fibre at an angle

of incidence greater than the critical angle and is
reflected back into the fibre. In this way, nearly all
the light that enters the fibre emerges at the other end.

FIGURE 2.18 A light ray travels along an optical fibre through total internal reflection.

Optical fibre

Light ray ——>

FIGURE 2.19 Light rays entering the fibre at too sharp of an angle are refracted out of the fibre.

Light rays

Optical fibre

If the glass fibre is exposed to the air, the critical angle for light travelling from glass to air is 42°, which is quite
small. Any angle of incidence greater than this angle will produce total internal reflection. If the fibre is very
narrow, this angle is easily achieved.

However, in both medical and telecommunications uses, fibres are joined in bundles with edges touching.
The touching would enable light rays to pass from fibre to fibre, confusing the signal. To overcome this, a
plastic coating or cladding is put around the glass to separate the glass fibres. The total internal reflection
occurs between the glass and the plastic. The critical angle for light travelling from glass to plastic is 82°.
This value presents a problem because light meeting the edge of the glass at any angle less than 82° will
pass out of the fibre.

This has implications for the design of the optical fibre and the beam of light that enters the fibre. The fibre
needs to be very narrow and the light entering the fibre has to be a thin beam with all the rays parallel.
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SAMPLE PROBLEM 6 Explaining refraction and calculating critical angles in optical fibres

Optical fibres transport data using light. They are constructed using transparent materials with
different refractive indices. The following diagram shows a typical fibre with a cylindrical core and
surrounding cladding. Laser light is shone from air in the optical fibre.

Cladding

Neore = 1.58

Core

Ncladding = 1.42

Cladding

a. Explain why it is necessary for the refractive index of the cladding to be smaller than the refractive

index of the core.

b. Calculate the critical angle for the laser light at the core—cladding boundary.
c. Determine the speed of the laser light in the core of the optical fibre.

THINK WRITE
a. Explain why it is necessary for the refractive a. If the refractive index of the cladding was larger
than the refractive index of the core, the light
would be refracted fowards the normal and
internal reflection would not be possible. When
the refractive index of the cladding is less than
that of the core, the light is refracted away

index of the cladding to be smaller than the
refractive index of the core.

b. Use the relationship b.
Neore X SING, = Ngjaqding X $iN90° to determine
the critical angle.

c. Analyse the refraction of the light at the entrance c.
of the optical fibre, the air—core boundary. Use
the relationship 7,5V, = MeoreVeore-

possible if the angle
the critical angle.

from the normal so that total internal reflection is

of incidence is larger than

A - ano
Neore X SINE; = Njaqding X $in90

1.58 X sinf, = 1.42 X sin90°
. 1.42 sin90°
=>sing, = —
1.58
_ 14
- 1.58
=0, = sin_l<£>
1.58

= 64.0°
The critical angle is

NairVair

1.00% (3.00x 10%)

= Veore =

64.0°.

= ncore VCOI'C
= 1.58 X Veore
_ 3.0x108

1.58
=1.90x 108 m s™!

The speed of the laser light in the core is

1.90x 108 m s~1.
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PRACTICE PROBLEM 6

A different optical fibre is used with the same cladding (7¢jadding = 1.42) as in sample problem 6, but

with a core of refractive index 1.56.

a. Would the critical angle of this new optical fibre be larger or smaller than the previous fibre?

b. Calculate the critical angle for this new optical fibre.

c. Determine the speed of the laser light in the core of this new optical fibre. Is it larger or smaller
than the speed of laser light in the previous fibre?

2.3 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

2.3 Quick quiz on ‘ 2.3 Exercise U 2.3 Exam questions

2.3 Exercise

1. People enjoy the look of diamonds because they disperse white light.

a. Calculate the critical angle for light travelling through a diamond (ny;meng = 2.50) towards its surface. You
may assume that the diamond is in air (n,, = 1.00).

b. The diamond is now placed in water (n,,,,, = 1.33). Determine the critical angle now for light at a
diamond-water interface.

2. Consider the triangular prism shown in the diagram.

a. Calculate the refractive index of the glass triangular prism so that the
light ray meets the faces at the critical angle. Is this value of the
refractive index the minimum or maximum value for such a reflection?

b. One ray enters the prism as shown (2 cm from the top of the prism).
Another ray, parallel to the one shown, also enters the prism, 2 cm from |_
the bottom of the prism. Describe the positions of the rays after
refraction.

c. Would the rays of light emerge at the same or different times?

3. Calculate the refractive index of the plastic coating surrounding an optical
fibre if the critical angle for glass to plastic is 82.0° and the refractive index

of glass is 1.50.

450
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4.

6.

Light enters an optical fibre 1.0 ym in diameter, as shown in the following figure. Some light goes straight
down the centre of the fibre. Another ray is angled, leaving the central line and meeting the outside edge at
slightly more than the critical angle of 82°, then reflects back to the central line.

Light rays

) 1um
82° | I

Optical fibre

a. How much further did this second ray travel compared to the ray that travelled down the centre of the fibre?

b. Calculate the speed of light in the glass and hence determine the time delay between the two rays after one
internal reflection. Do you think this could be a problem when transmitting data in an optical fibre? If so,
when? How could the problem be overcome?

A student conducts a series of measurements to determine the critical angle for light travelling from water

(n = 1.33) into an unknown material. They determine that the critical angle is 70°. Use this result to determine

the refractive index of the unknown material.

Calculate the critical angle for light travelling from diamond (n = 2.40) into air (n = 1.00).

2.3 Exam questions

Question 1 (1 mark)

Source: VCE 2019 Physics Exam, Section A, Q.10; © VCAA
I3 The horizontal face of a glass block is covered with a film of liquid, as shown below.

A monochromatic light ray is incident on the glass-liquid boundary with an angle of incidence of 62.0°.

/77 [ 777 F— toos

«—— glass block

glass n=1.75

The minimum value of the liquid’s refractive index, so that some light will just cross the interface into the liquid, is
closest to

A.
B.
C.
D.

1.33.
1.55.
1.88.
1.98.
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Question 2 (5 marks)
Source: /CE 2018 Physics Exam, Section B, Q.12; © VCAA

Optical fibres are constructed using transparent materials with different refractive indices.

Figure 14 shows one type of optical fibre that has a cylindrical core and surrounding cladding. Laser light of
wavelength 565 nm is shone from air into the optical fibre.

cladding
core
Neladding = 1-45 cladding
Figure 14
a. Calculate the frequency of the laser light before it enters the optical fibre. (1 mark)
b. Calculate the critical angle for the laser light at the cladding—core boundary. Show your working. (2 marks)
c. Calculate the speed of the laser light once it enters the core of the optical fibre. Give your answer correct to
three significant figures. Show your working. (2 marks)

Question 3 (5 marks)
Source: /CE 2017 Physics Exam, Section B, Q.14; © VCAA

A light ray from a laser passes from a glucose solution (1 = 1.44) into the air (n = 1.00), as shown in Figure 12.

normal
air
n=1.00
glucose
n=1.44
laser
Figure 12
a. Calculate the critical angle (total internal reflection) from the glucose solution to the air. (1 mark)
b. The light ray strikes the surface at an angle of incidence to the normal of less than the critical angle calculated
in part a.
On Figure 12, sketch the ray or rays that should be observed. (2 marks)

c. The angle to the normal is increased to a value greater than the critical angle. An observer at point X in
Figure 13 says she cannot see the laser.

normal
I.X
laser
Figure 13
Explain why the observer says she cannot see the laser. (2 marks)
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Question 4 (1 mark)

T Which of the following conditions are necessary for total internal reflection to occur when light passes from
material A into material B?

A. nya>ng

B. ny<ng

C. na=ng

D. QA = QB

Question 5 (1 mark)

I3 The property of total internal reflection is crucial to the operation of multi-mode optical fibres. The beams
of light travelling along the fibre core are reflected at the boundaries with the surrounding cladding due to total
internal reflection.

If the fibre core has a refractive index of 1.45, which of the following values would be a suitable value for the
refractive index of the cladding so that total internal reflection occurs?

A. 1.43

B. 1.45

C. 1.47

D. None of the above

More exam questions are available in your learnON title.

2.4 Dispersion

KEY KNOWLEDGE

* |nvestigate and analyse theoretically and practically the behaviour of waves including:
« refraction using Snell’s Law: n;sin(6,) = n,sin(6,) and n,v,; = n,v,

* Investigate and explain theoretically and practically colour dispersion in prisms and lenses with reference to
refraction of the components of white light as they pass from one medium to another

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

2.4.1 Producing colour from white light

White light can be separated into colours using a narrow beam of light and a glass ) ) _ _

. . . . . . dispersion the separation of light
triangular prism. This phenomenon is called dispersion. It was first analysed into different colours as a result of
in this way by Isaac Newton in 1666, although René Descartes had sought an refraction
explanation for rainbows in 1637 by working with a spherical glass flask filled
with water.

FIGURE 2.20 The colours in white light disperse as they enter the glass and disperse even more when they
leave. A continued spectrum of colours is produced when white light is passed through a prism. The red light is
deflected the least and each colour in the visible part of the spectrum is deflected progressively more, with violet
being the most deflected.

Glass prism
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As light enters a triangular glass prism, it is refracted towards the normal. It then travels through the prism to the
other side, where it is refracted away from the normal, because the light is re-emerging into the air.

The colours spread as they enter the glass and travel on different paths through the triangular prism. They are
spread even more as they leave the glass. Violet is bent the most and red the least. The order of the colours, from
the colour that bends least to the colour that bends most, is red, orange, yellow, green, blue, indigo and violet.
Different mnemonics exist to remember this, such as ‘Rinse Out Your Granny’s Boots In Vinegar’, or ‘Read Out
Your Good Book In Verse’.

Each colour has a different angle of refraction. This means that the glass has a different refractive index for each
colour. This can be expressed as a statement of Snell’s Law, as follows:

nairsnlei = ngl(red)snlered = Ngl(violet) Slneviolet

For example, as shown in figure 2.21, violet light is bent more than red, so 6,;.; is smaller than 6,.4. This

means that the refractive index of glass for violet light is greater than that for red light (and also that violet light
propagates slower than red light; as seen previously, the greater the refractive index, the slower the light). This is
also true for other materials (see table 2.2).

FIGURE 2.21 The angle of refraction for violet light is smaller than that for red light. This means that the refractive
index of the glass is different for different colours. For violet it must be greater than that for red.

Incident
ray

Normal

Boundary Air

Glass

Refracted rays

TABLE 2.2 Refractive index values vary for different coloured light

_ Index of refraction
I Y T B N

Red 1.514 1.571 2.410 1.331
Yellow 1.517 1.575 2.418 1.333
Deep blue 1.528 1.594 2.450 1.340
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INVESTIGATION 2.6 (0011, - only!

Separating colours

Aim

To determine which colour is bent the most by a prism

Resources

Digital document eModelling: Using a spreadsheet to explore refraction through a prism (doc-0058)

Interactivity Spreading the spectrum (int-6609)

2.4.2 EXTENSION: Scattering of light

There are certain observations in nature that
have been universal for as long as man has
looked up at the sky — the sky is blue during
the day and red at sunset. Photographers are
especially interested in this phenomenon and
will often wait for different temperatures of
light for their images.

It is tempting to assume that the air is entirely
transparent and that energy like light can

pass through the atmosphere without any
interactions with the various molecules and
particles that make up the air. This assumption,
however, is incorrect. Although the light being
emitted from the Sun has an intensity high
enough to reach the surface of Earth, where it
can be observed by the human eye, it must first
pass through a reasonably dense atmosphere,
where the probability of hitting something is
reasonably high.

To understand the scattering effect of Earth’s
atmosphere, let’s consider how different
Earth’s sky looks when observed from space.
If you were to safely look towards the Sun
from outside Earth’s atmosphere, the Sun
would look like a bright orb on a mostly black
background, as shown in figure 2.22a. This is
because the light emitted from the Sun would
travel in a straight line to your eyes. (Never

FIGURE 2.22 Views from outside Earth’s atmosphere
a. Looking towards the Sun b. Looking away from the Sun

directly look at the Sun as this would damage your eyes.) If you were to turn around, not looking at the Sun, you
would mainly observe darkness, as shown in figure 2.22b. This is because nothing would scatter the light emitted
from the Sun, and hardly any light would travel to your eyes (you would still observe the light from more distant

stars, and potentially from the Moon).

This is similar to what can be observed from the surface of the Moon, as shown in figure 2.23. On the surface
of the Moon, where there is no atmosphere, there is nothing to scatter the light reflected from Earth and so it

appears to be the only lit object visible.
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FIGURE 2.23 Earthrise from the Moon

Compare this to what you are used to experiencing from inside Earth’s atmosphere. How can we explain our
perception of the sky being coloured?

FIGURE 2.24 A sky full of colours a. Ask anyone what colour the sky is, and blue is probably the answer you
will get. b. How do we explain the colours observed at sunrise or sunset?

In subtopic 1.5 you have seen that the visible light from the Sun contains all the colours of the visible spectrum
(from violet to red), with each colour corresponding to a specific wavelength range, such as 450 nm—495 nm for
the colour blue. When this visible light travelling through the atmosphere hits a molecule, the light is scattered
in several directions. The scattering is not equal, however; the shorter wavelengths of visible light are scattered
more than the longer wavelengths, as shown in figure 2.25.

As the sunlight enters the atmosphere, the shorter wavelengths (violet and blue) are scattered the most, thus the
sky should appear blueish-violet to humans. However, as the human eye is more sensitive to blue than to violet
(we have three main colour receptors that respond largely to red, green and blue), and as the Sun emits more
blue light than violet light, the sky appears blue to us. But what about at sunrise and sunset?

62 Jacaranda Physics 1 VCE Units 1 & 2 Fifth Edition



FIGURE 2.25 The scattering of visible light in relation to wavelength (in nanometres)

Least scattering occurs

Y

Most scattering occurs

When the Sun is low enough on the horizon, the shorter wavelengths are scattered too much for us to perceive
them. This is because the sunlight has to go through more air than during the day, encountering more molecules
and so becoming more scattered. Only the longer wavelengths (yellow, orange and red) make it to our eyes,
which explains the colours observed in figure 2.24b.

2.4 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

2.4 Quick quiz on ‘ 2.4 Exercise U 2.4 Exam questions L

2.4 Exercise

1. a. White light enters a crown glass rectangular prism. Sketch the path of red and deep blue light through the
glass and back into air. How does the direction of the emerging coloured rays compare with that of the
incoming white ray?

b. Suggest why a glass triangle is used to observe the visible spectrum, rather than a glass rectangle.

2. Which travels faster through crown glass — red light or violet light? What is the speed difference?

Green and violet light enter a triangular prism. Which is bent more?

4. Aray of white light in air strikes a rectangular glass block with an angle of
incidence of 30°, as shown in the following diagram. For the glass block, the
refractive index of red light is 1.514 and, for purple light, it is 1.530.

a. On a copy of the diagram, carefully show the path taken by red light and
by purple light.

b. Use Snell’s Law to find the angle of refraction for both the red light and
the purple light.

c. Determine the angle between the red light ray and the purple light ray in
the rectangular glass.

@

:
30°
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5. Red and violet beams of light enter a triangular prism at the same location and angle. The violet beam of light
is refracted noticeably more than the red beam. What does this result indicate about the relative speeds of red
and violet light in the material that the prism is made of?

2.4 Exam questions

Question 1 (4 marks)
Source: /CE 2019 Physics Exam, Section B, Q.15; © VCAA

A student sets up an experiment involving a source of white light, a glass prism and a screen. The path of a single
ray of white light when it travels through the prism and onto the screen is shown in Figure 14.

screen
X
Y
ray of glass prism
white light
Figure 14

A spectrum of colours is observed by the student on the screen, which is positioned to the right of the prism.
a. Name and explain the effect observed by the student. (3 marks)
b. Points X and Y on Figure 14 represent either end of the visible spectrum observed by the student.

Identify the two visible colours observed at point X and at point Y. (1 mark)
Point X Point Y

Question 2 (4 marks)

A beam of white light is incident on a prism at an angle of 40.0°. The refractive indexes of the colours at each end
of the visible light spectrum are shown in the following table.

‘ Refractive index

Red 1.50

Violet 1.52
a. Calculate the angle of refraction for the red light. (1 mark)
b. Calculate the angle of refraction for the violet light. (1 mark)
c. Calculate the angle of the dispersed spectrum. (1 mark)
d. Calculate the speed of the violet light in the material. (1 mark)

Question 3 (1 mark)
Dispersion is one of the pieces of evidence for why light acts as a wave.

Explain why this is.

Question 4 (2 marks)

Diamond and perspex are cut to exactly the same shape. The same white light source is used to illuminate the
shapes.

Why does the diamond appear to sparkle more than the perspex?

Question 5 (2 marks)
White light is shone onto a rectangular prism.

Describe the difference between the light entering and leaving the block.

More exam questions are available in your learnON title.
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2.5 Optical phenomena

KEY KNOWLEDGE

* Explain the formation of optical phenomena: rainbows; mirages

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

2.5.1 Rainbows

Rainbows are a common example of the dispersion of light. However, they are not only seen in the sky. You can

also see a rainbow when you use a garden hose. Three conditions are necessary for a rainbow to be visible:
e The Sun needs to be visible.

e Some water droplets need to be airborne.
¢ An observer needs to be present.

For a rainbow to be seen, the usual arrangement of these three elements is to have the Sun oriented behind the
observer and the airborne water to be present in front of the observer. The water droplets separate the colours

in a similar way to that which occurs with the glass prism. The big difference is that, before the colours emerge
from a water droplet, they are reflected from the opposite surface of the droplet.

FIGURE 2.26 Each droplet of water in

FIGURE 2.27 A light ray enters the bottom of the raindrop, is
the air spreads the colours. Person A reflected twice off the wall of the raindrop, then emerges.
sees a rainbow between droplet 2 and
droplet 3. Person B sees a rainbow
between droplet 1 and droplet 2.

Sunl’bhz

Droplet 1
SU”//'g/y, p
—— Ligh
Droplet 2 ight

Dfoplet 3

Person B

Raindrop
<]

When you see a rainbow, each colour comes from a separate raindrop in the sky. If the red light from a raindrop
enters your eye, then the violet light from that raindrop goes over your head to someone else. Each person sees
his or her own personal rainbow. Your rainbow depends on raindrops in the sky being at a particular point so
that the angle between you, the Sun and the raindrops is approximately 42°. The rainbow is not an image in the
sky that everyone can see. In figure 2.27, the ray enters the eye at a higher angle than the primary rainbow. The
colours are spread as they enter the raindrop and grow further apart the longer they are in the raindrop.
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When the sky is very dark, a second, fainter rainbow may be visible on the outside of the bright one. This is
due to the sunlight entering higher raindrops at the bottom and reflecting off the inside of the drop twice before
emerging into the air.

2.5.2 Mirages

There are several types of mirages that can be seen when
certain atmospheric conditions enable total internal
reflection to occur. These mirages appear because the
refractive index of air decreases with temperature.

FIGURE 2.28 A mirage on a country road

A common type of mirage occurs in the desert or above a
road on a sunny day. At ground level the air is hot with

a refractive index close to 1. As height increases, the
temperature of the air decreases and its refractive index
increases.

Rays of light from a car, for example, go in all directions. The air above the ground can be considered as layers
of air. The closer to the ground, the higher the temperature and the lower the refractive index. As a ray moves
into hotter air, it bends away from the normal. After successive deflections, the angle of incidence exceeds the
critical angle for air at that temperature and the ray is totally internally reflected. As the ray emerges, it follows
a similar path, refracting towards the normal as it enters cooler air. An image of the car can be seen below street
level, as shown in figure 2.30. The mirage is upside down because light from the car has been totally internally
reflected by the hot air close to the road surface.

FIGURE 2.30 The mirage of the car appears upside down due to total internal reflection in the hot air close to the
ground.

4

Warm air

Hotair ~ ooeeeemmooooo———

Road
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Another mirage that depends on layers of air at different temperatures is known as the ‘Fata Morgana’, in which
vertical streaks, like towers or walls, appear. This occurs where there is a temperature inversion — very cold at
ground level and warmer above — and very stable weather conditions.

The phenomenon is named after Morgan le Fay (Fata Morgana in Italian), who was a fairy and half-sister to
King Arthur of the Celtic legend. She used mirages to show her powers and, in the Italian version of the legend,
lived in a crystal palace under the sea. The mirage is often seen in the Strait of Messina and over arctic ice. As
shown in figure 2.31, the light rays from a distant point are each refracted by the different layers of air, arriving
at different angles to the eye. The effect is that the point source (P) becomes a vertically extended source, like a
tower or wall. An example of the Fata Morgana, over an ice field in the Arctic Ocean off the coast of Svalbard,
is shown in figure 2.32.

FIGURE 2.31 Ray paths for the Fata Morgana FIGURE 2.32 The Fata Morgana of Svalbard

Rough ’

2.5 Activities
Students, these questions are even better in jacPLUS
? Receive immediate Access < mmm Track your
Q feedback and access a additional Yr==  results and
sample responses questions " progress

Find all this and MORE in jacPLUS (C)

‘ 2.5 Quick quiz -‘ 2.5 Exercise u 2.5 Exam questions L

2.5 Exercise

1. In which direction would you need to look to see a rainbow early on a rainy morning, and from which direction
should the rain be coming from?
2. [ When looking at a rainbow, what is the order of the colours from top to bottom?
A. Red, orange, yellow, green, blue, indigo, violet
B. Violet, indigo, blue, green, yellow, orange, red
C. Blue, indigo, violet, green, red, orange, yellow
D. Red, orange, yellow, blue, green, indigo, violet
The spectrum produced by a rainbow and by a prism look similar. Describe the differences between them.
4. [T A mirage occurs when
A. the air is hot and the ground is cool.
B. both the air and the ground are very hot.
C. the ground is very hot and the air is cool.
D. the air is slightly cooler than the ground.

©@
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5. Explain the optical phenomenon visible on the road through the bush that is shown in the following figure.

2.5 Exam questions

(») Question 1 (3 marks)
Sophie and Emma are looking at a rainbow.

Sophie states that they are both seeing the same light from the same water droplets to form the rainbow.

Emma states that, while they are seeing the same phenomenon, the rainbow she is seeing is made up of different
light from the one Sophie is seeing.

Determine who is correct. Justify your answer using theory.

() Question 2 (3 marks)

Dispersion is the phenomenon that explains the range of colours produced by a rainbow (whereas the natural
formation of rainbows and their arc shape relates to total internal reflection).

Explain how a rainbow can be formed from a beam of white light.

(») Question 3 (3 marks)
Give three conditions required to be able to observe a rainbow.

() Question 4 (2 marks)

After a storm, Anna walks along the Yarra River in the Royal Botanic Gardens. Looking to the west, she sees a
rainbow that has formed over the National Gallery of Victoria.

Is it morning or evening? Explain how you know.

() Question 5 (1 mark)

T3 A mirage is an example of

A. dispersion of light.

B. total internal reflection.

C. refraction of light and total internal reflection of light.
D. reflection of light and refraction of light.

More exam questions are available in your learnON title.
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2.6 Review

Hey students! Now that it's time to revise this topic, go online to:

Access the
topic summary

Review your
results

Watch teacher-led
videos

Practise exam
questions

Find all this and MORE in jacPLUS C)

2.6.1 Topic summary

Investigating light

Refraction
of light

Total internal

—>

Light bends as it
travels from one
medium to another

If light travels into a
medium of a higher
refractive index, the light is
bent towards the normal

If light travels into a
medium of a lower
refractive index, the light is
bent away from the normal

Measure of a
medium’s capacity
to bend light:
refractive index, n

Snell’s Law:

nysindy = nysing,

Speed of light in a
uniform medium:v = %

nqyvy =nyvp

L5 reflection and critical 5|

—

angle, 0,

Dispersion

Optical
phenomena

For 6 > 6., all light is
reflected back into the
medium

Total internal reflection

White light is a mixture
of colours

When white light enters a

material, the different colours

refract at different angles

A material has a
different refractive index
for each colour

Separation of light into

different colours

Rainbows

Dispersion of light

Mirages

Refraction of light and total

internal reflection of light
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2.6.2 Key ideas summary @Dlineonly

2.6.3 Key terms glossary Glineonly
Resources
Solutions Solutions — Topic 2 (sol-0788)

Practical investigation eLogbook Practical investigation eLogbook — Topic 2 (elog-1571)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 2 (doc-36953)
Key ideas summary — Topic 2 (doc-36954)

Exam question booklet Exam question booklet — Topic 2 (egb-0070)
2.6 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS ®

2.6 Review questions learn

1. The following diagram shows a light source, S, placed in front of a plane mirror that is not shown. Two light
rays, R; and R,, that are reflected from the mirror are also shown.

S

a. On a copy of the diagram, locate the position of the image S and mark that point with the letter /.
b. Draw in the location of the plane mirror, using a straight line to represent the mirror.

2. Blue light has a frequency of 6.5 x 10'* Hz, and yellow light has a frequency of 5.2 x 10'* Hz.

a. Determine the wavelength of both blue and yellow light in air. Take the speed of light in air to be
30x 108 m s,

b. Determine the wavelength of both blue and yellow light, this time with a refractive index of 1.50 for
both colours.
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3. Consider a ray of light incident on an air—perspex interface such that the angle of refraction is 16° when the
angle of incidence is 22°.

a. Calculate the refractive index of the perspex, assuming the refractive index of air is 1.00.

b. If the angle of incidence is increased by 10°, what is the increase in the angle of refraction?

c. Now consider a ray of light propagating from the perspex into the air with an angle of incidence of 22°.
Calculate the angle of refraction and comment on your answer.

4. A group of students is investigating the refraction of light as it passes from a transparent block of carbon
disulfide (n = 1.63) into very salty water (n = 1.38).

a. Calculate the speed of light in carbon disulfide.
Consider a ray of light passing from carbon disulfide into very salty water.

b. Will the light speed up or slow down in the very salty water compared to its speed in carbon disulfide?

c. Will the light bend towards the normal or away from the normal at the interface between carbon disulfide
and the very salty water?

d. If the angle of incidence is 45°, calculate the angle of refraction.

5. Consider a ray of white light incident on an air—flint glass interface with an angle of incidence of 25°. The
refractive index for red light in flint glass is 1.571 and, for blue light, the refractive index is 1.594. The
refracted beam disperses as it passes into the glass.

a. Explain what is meant by the term disperses in this context.

b. Determine the angle between the refracted red light and the refracted blue light in the flint glass.

c. The angle of incidence is now increased from 25° to 50°. What is the angle between the red and blue
refracted rays now?

6. A beam of white light is fired at a triangular prism as shown in the following diagram. The dotted line gives
the direction of the incident beam as a reference line for your drawing.

Triangular prism

Beam of white

light

By drawing onto a copy of the diagram, show how the white light is dispersed as it passes through the prism.
Clearly indicate on your diagram both the red and violet ends of the spectrum produced by white light passing
through the prism.

7. Consider three different types of glass: X, Y and Z. Their refractive indices are ny = 1.53, ny = 1.55 and
ny = 1.57 respectively.
a. Of the three different types of glass, state the glass with the smallest critical angle.
b. Using your choice for part a, determine the critical angle for light.
c. Now, consider glass Z making an optical interface with glass X. Determine the critical angle for this
arrangement.
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2.6 Exam questions

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCE 2021 Physics Exam, Section A, Q.15; © VCAA
A Physics class is investigating the dispersion of white light using a triangular glass prism.

Which one of the following diagrams best shows the principle of dispersion?

A. B.
red red
violet violet
C. D
violet violet
red red
Question 2

A group of students is trying to measure the speed of light on a sports oval. They have placed a mirror 120 m from
a laser source and light sensor, both of which are connected to a timer. The timer starts when the laser is
switched on and stops when a pulse arrives at the sensor. Light from the laser strikes the mirror and is reflected
directly back to the sensor.

Which one of the following do the students accurately measure the time to be?
A. 40x107"s
B. 1.6 x10°%s
C. 80x10°%s
D. 80x107"s

Question 3

In a practical session, students use a semicircular prism to investigate the refraction of light. When a narrow beam
of light has an angle of incidence of 35.0°, the angle of refraction is 26.0°.

Which one of the following is the refractive index of the prism?

A. 1.31 B. 1.28 C. 0.75 D. 0.85

Question 4

A ray of light inside a rectangular block of glass (ny,ss = 1.53) makes an angle of incidence of 47.0°. The
rectangular block is immersed in water (1,4, = 1.33).

What is the angle of refraction for the ray of light as it exits into the water from the glass block?

A. 39.8° B. 57.3° C. 43.6° D. 48.7°
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Question 5

Consider two optical fibres each of length 10 m. Optical fibre X has a core refractive index of 1.54, whereas
optical fibre Y has a core refractive index of 1.58.

Which one of the following statements is correct regarding the propagation of pulses of light sent down both
fibres?

A. It will take a shorter amount of time for the light pulse to pass down optical fibre Y than optical fibre X.

B. It will take the same amount of time, as the fibres have the same length and the speed of light in both fibres is
the same for all observers.

C. It will take a shorter amount of time for the light pulse to pass down optical fibre X than optical fibre Y.
D. It will take a different amount of time but one that is not possible to determine.

Question 6

Students are asked to calculate the critical angle for light propagating inside a transparent crystal. Their teacher
tells them that the refractive index for the crystal is 1.387.

Which one of the following is the critical angle for this crystal when placed in air?

A. 47.3° B. 45.4° C. 48.5° D. 46.1°

Question 7

White light is incident on an air—glass interface. Due to dispersion, the white light separates into colours.
Which one of the following statements is correct?

A. Blue light will have an angle of refraction that is greater than the angle of refraction of red light.

B. Red light will have an angle of refraction that is greater than the angle of refraction of green light.
C. Green light will have an angle of refraction that is greater than the angle of refraction of yellow light.
D. Orange light will have an angle of refraction that is greater than the angle of refraction of red light.

Question 8

If the refractive index of the plastic coating surrounding an optical fibre is 1.49 and the refractive index of glass is
1.52, then the closest value for the critical angle for glass to plastic is

A. 83.7°.
B. 11.4°.
C. 78.6°.
D. 84.3°.

Question 9

If the refractive index of an ethanol solution is 1.3425, then the closest value for the speed of light in this
solution is

A. 22x108ms™.
B. 1.2x10® ms™".
C. 2.0x108 ms™.
D. 2.1x108 ms™".
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Question 10

A mirage occurs when

A. the air is slightly cooler than the ground.
B. the air is cool and the ground is very hot.
C. both the air and the ground are very hot.
D. the air is very hot and the ground is cool.

Section B — Short answer questions ‘

Question 11 (2 marks)

A block of an unidentified clear material is completely immersed in glycerol, which has a refractive index of 1.467.
A light ray passes from the glycerol into the block at an angle of incidence of 70.0° and the angle of refraction is
measured to be 62.5°.

Determine the index of refraction of the clear material.

Question 12 (5 marks)

Source: VCE 2021 Physics Exam, Section B, Q.12; © VCAA

A Physics teacher is conducting a demonstration involving the transmission of light within an optical fibre. The
optical fibre consists of an inner transparent core with a refractive index of 1.46 and an outer transparent cladding
with a refractive index of 1.42. A single monochromatic light ray is incident on the optical fibre, as shown in
Figure 12.

Nair = 1.00
W
Ncladding = 1.42
A\
y
""""""""""""""" Neore = 1.46
Figure 12
a. Determine the angle of incidence, 6, at the air-core boundary. Show your working. (2 marks)
b. Will any of the initial light ray be transmitted into the cladding? Explain your answer and show any
supporting working. (3 marks)
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Question 13 (7 marks)

A narrow beam of white light makes an angle of incidence with

a rectangular prism having a width of 5.0 cm, as shown in the
following diagram. The refractive index for red light in the prism is
Neq = 1.530, and for blue light the refractive index is ny, = 1.548. 5.0 cm

a. On a copy of the diagram, carefully draw rays to indicate the
propagation of red and blue light through the block of glass.
For each path, indicate two points where refraction occurs and
one where a reflection also occurs. (2 marks)
White light
27

The narrow beam of white light makes an angle of incidence with
the air-prism interface of 27°.

b. Determine the angle of refraction for red light. (2 marks)
c. Consider the time it takes for red light and blue light to propagate through the prism. (3 marks)

Which colour would take the least time? Or does it take the same time?

Question 14 (8 marks)

Optical fibres consist of transparent materials having an inner core and an outer cladding with different refractive
indices. The following diagram shows a typical optical fibre. The refractive index of the core is 1.58 and the critical
angle for light at the core—cladding boundary is 84°.

Cladding

Core

Neladding = 7 Cladding

a. For the fibre to operate correctly, would the refractive index of the cladding be greater than, the same size as,

or smaller than the refractive index of the core? Explain your choice without a calculation. (2 marks)
b. Calculate the refractive index of the cladding, Ngjagding- (2 marks)
c. Determine the speed of light in the core of the fibre optic. (1 mark)

d. In one instance, light of wavelength 400 nm is shone from air into the optical fibre.

Calculate the wavelength of the light in the core of the optical fibre. (3 marks)

Question 15 (3 marks)

A beam of light with an incident angle of 40.0° strikes an air-kerosene interface. The beam of light bends towards
the normal with a direction change of 12.5°.

Determine the absolute refractive index of the oil.

Hey teachers! Create custom assignments for this topic
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AREA OF STUDY 1 HOW ARE LIGHT AND HEAT EXPLAINED??

Thermal energy and its interaction with
electromagnetic radiation

KEY KNOWLEDGE

In this topic, you will:

® convert between Celsius and Kelvin scales

e describe temperature with reference to the average translational kinetic energy of the atoms
and molecules within a system
o distinguish between conduction, convection and radiation with reference to heat transfers

within and between systems

o explain why cooling results from evaporation using a simple kinetic energy model

® investigate and analyse theoretically and practically the energy required to:
e raise the temperature of a substance: Q = mcAT
o change the state of a substance: Q = mL

® apply concepts of energy transfer, energy transformation, temperature change and change of
state to climate change and global warming.

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led videos, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access exam-style questions and their video solutions in every lesson, to ensure you
are ready.




3.1 Overview

Hey students! Bring these pages to life online ~n an
Watch Engage with Answer questions ,,) 9
videos interactivities and check results /'

Find all this and MORE in jacPLUS C)

3.1.1 Introduction

In this topic you will revisit your
understanding of energy, utilise your
knowledge of the particle theory and apply
practical skills of measuring temperature.

By the end of this topic you should be able

to describe how the energy within a system

is shared and transferred. You will be able

to use the particle theory to explain internal
energy, temperature and heat transfer. You

will describe and explain internal energy as
the random motion of particles in a substance.
You will test and manipulate the relationships
that dictate temperature changes in a substance
(specific heat capacity) and changes of

state (latent heat), and consider how these
concepts are engineered to our benefit. You
will also apply many of these concepts to your
understanding of climate change and climate
warming, and you will be able to explain how
atmospheric gases create the greenhouse effect.

FIGURE 3.1 A cold day in two temperature scales. A balloon
caught on a twig shrinks as the translational kinetic energy
of the air inside is transferred to the surrounding air, losing
the ability to stop the air pressure pushing it in.
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Resources
Solutions Solutions — Topic 3 (sol-0789)

Practical investigation eLogbook Practical investigation eLogbook — Topic 3 (elog-1572)
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Exam question booklet Exam question booklet — Topic 3 (egb-0071)
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3.2 Explaining heat using the kinetic theory

KEY KNOWLEDGE

® Convert between Celsius and Kelvin scales

* Describe temperature with reference to the average translational kinetic energy of the atoms and molecules

within a system

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

3.2.1 What is heat?

It may surprise you that heat was not considered a form of energy until quite late
in human history. Fire was one of the four elements in ancient times and it was
clear that when substances combusted, heat was released. Thus, for centuries heat
was considered a substance that could be transferred between objects and this was
the starting point for scientific thought. In 1667 Johann Joachim Becher proposed
that a substance he called phlogiston was released during combustion. Later, in
1789, the French scientist Antoine Lavoisier published a treatise on chemistry in
which he described heat as an invisible, tasteless, odourless, weightless fluid that
he called calorific fluid, which flowed from hot to cold objects. Although now
defunct as an explanation of heat, the measure of the calorie is still used.

In 1798 Benjamin Thompson, later to be called Count Rumford, conducted an
experiment on the nature of heat. The barrel of a cannon is made by drilling a
cylindrical hole in a solid piece of metal. Rumford observed the piece of metal
and the drill became quite hot. He devised an experiment to investigate the source
of the heat and how much heat is produced. Rumford put the drill and the end

heat the transfer of energy from
one body to another due to a
temperature difference

kinetic energy the energy
associated with the movement

of objects; like all forms of energy,
it is a scalar quantity
gravitational potential energy
the energy stored in an object

as a result of its position relative
to another object to which it is
attracted by the force of gravity
joule the Sl unit of work or
energy; 1 joule is the energy
expended when a force of

1 newton acts through a distance
of 1 metre

of the cannon in a wooden box filled with water. He measured the mass of water and the rate at which the
temperature rose. He showed that the amount of heat produced was not related to the amount of metal that was
drilled out. He concluded that the amount of heat produced depended only on the work done against friction. He
said that heat was in fact a form of energy, not an invisible substance that was transferred from hot objects to
cold objects. Instead, a hot object had heat energy, in the same way as a moving object has kinetic energy or an

object high off the ground has gravitational potential energy.

Rumford’s ideas about heat were not adopted for a few decades, but in 1840 James Prescott Joule conducted a
series of experiments to find a quantitative link between mechanical energy and heat. In other words, how much

energy is required to increase the temperature of a mass by 1 °C?

Joule used different methods and compared the results.

e Using gravity. A falling mass spins a paddle wheel in an insulated barrel of water, raising the temperature

of the water.

e Using electricity. Mechanical work is done turning a dynamo to produce an electric current in a wire, which

heats the water.

e Compressing a gas. Mechanical work is used to compress a gas, which raises the gas’s temperature.
e Using a battery. Chemical reactions at the battery terminals produce a current, which heats the water.
e Using gravity. Measure the temperature of water at the top and bottom of a waterfall.

Joule obtained approximately identical answers for all methods. This confirmed heat as a form of energy. To

honour his achievement, the SI unit of energy is the joule (J).
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The unit joule is used to measure the:
¢ kinetic energy of a runner
¢ light energy in a beam
e chemical energy stored in a battery
e electrical energy in a circuit
e potential energy in a lift on the top floor
e heat energy when water boils.

One joule is approximately the amount of energy needed to lift a 100 gram apple
through a height of 1 metre.

The usual metric prefixes make the use of the unit joule more convenient. For example:

1kJ (kilojoule) = 10°J 1 MIJ (megajoule)=10°J 1 GJ (gigajoule) = 10°7

The chemical energy available from a bowl of breakfast cereal is usually hundreds of thousands of joules and is
more likely to be listed on the packet in kilojoules. The amount of energy needed to boil an average kettle full of
cold water is about 500 kJ.

Examples of 1 joule include the:
e kinetic energy of a tennis ball moving at about 6 m s~
e heat energy needed to raise the temperature of 1 gram of dry air by 1 °C
e heat energy needed to raise the temperature of 1 gram of water by 0.24 °C
e change in gravitational potential energy when an apple falls 1 metre to the ground
e amount of sunlight hitting a square centimetre every 10 seconds when the Sun is

directly above

e amount of sound energy entering your eardrum at a loud concert over 3 hours
e amount of electrical energy used by an LED screen while on standby every second
e energy released by the combustion of 18 micrograms of methane.

1

3.2.2 Linking energy and heat: the kinetic theory of matter

Joule showed that a measure of energy was directly related to a change in temperature. But what happens to this
energy within a material? The kinetic theory of matter enables us to explain the effect of energy on a material.

The kinetic theory of matter, which considers all objects as assemblies of particles in motion, is an old one, first
described by Lucretius in 55 AD. The kinetic view of matter was developed over time by Hooke, Bernoulli,
Boltzmann and Maxwell.

The evidence for the existence of particles includes the following:

e Gases and liquids diffuse; that is, a combination of two gases or two liquids quickly becomes a mixture —
for example, a dye spreading in water. Even solids can diffuse; if a sheet of lead is clamped to a sheet of
gold, over time the metals merge to a depth of a few millimetres.

¢ The mixing of two liquids gives a final volume that is less than the sum of their original volumes.

e A solid dissolves in a liquid.

The kinetic theory of matter assumes that:
e all matter is made up of particles in constant, random and rapid motion
e there is space between the particles.
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FIGURE 3.2 lodine crystals sublimate (turn directly into a gas) when heated.

= -
This diagram shows a gas jar As the crystals warm up, they After a long period of time,
with iodine crystals. produce a purple gas that the crystals have completely
diffuses throughout the jar. sublimated.

The energy associated with the motion of the particles in an object is called the internal energy of the object. It
is the sum of all kinetic energy of the particles that make up that object. The particles can move and interact in
many ways, so there are a number of contributions to the internal energy.

Gases translational kinetic energy

. . the energy due to the motion of
In a gas made up of single atoms, such as helium, the atoms move around, an object from one location to
randomly colliding with each other and the walls of the container. So, each another
atom has some translational kinetic energy (see figures 3.3 and 3.4). Note that vibrational kinetic energy the

energy due to the vibrational

the constant bombardment of the walls of the container by the gas particles is ; )
motion of objects

responsible for the pressure exerted by the gas in all directions. The collisions e B eTE G e
involving the gas particles are considered to be perfectly elastic (no net loss of energy due to the rotational
kinetic energy involved). motion of objects

However, if the gas is made up of molecules with two or more atoms, the molecules can also stretch, contract
and spin, so these molecules also have other types of kinetic energy called vibrational kinetic energy and
rotational kinetic energy (see figure 3.4).

FIGURE 3.3 Moving single atoms have translational kinetic energy.
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FIGURE 3.4 The movements of a molecule

Translational Vibrational Rotational kinetic energy
kinetic energy kinetic energy
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Liquids
Like a gas, molecules in a liquid are free to move (they can slide past each other), but within the confines of the
surface of the liquid. There is some attraction between molecules, which means there is some energy stored as

molecules approach each other. Stored energy is called potential energy. It is the energy that must be overcome
for a liquid to evaporate or boil.

Solids

In a solid, atoms jiggle rather than move around. They have kinetic energy, but they
also have a lot of potential energy stored in the strong attractive force that holds the
atoms together. This means that a lot of energy is required to melt a solid. This is seen
in figure 3.5.

force an interaction between two
objects that can cause a change

FIGURE 3.5 In a solid, atoms can jiggle around an essentially fixed location.
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When the internal energy of a substance increases, this means the particle movement increases. Heating or
cooling is reflected in a change in the particle movement. Heat energy will always transfer from a hotter
substance to a colder substance as the collisions of the faster-moving particles transfer translational kinetic
energy to the slower-moving particles.

TABLE 3.1 The internal energy of different objects

Internal energy

Movement that is related to
Movement that is not related to temperature temperature

Atoms in a gas None Moving and colliding
Molecules in a gas Spinning, stretching, compressing and bending Moving and colliding
Molecules in a liquid Spinning, stretching, compressing and bending Moving and colliding
Atoms in a solid Pulling and pushing Jiggling

Energy types Other types of kinetic energy, potential energy Translational kinetic energy

3.2.3 Measuring and converting temperature

Measuring temperature

Temperature is generally thought of as a measure of how hot or how cold something is, expressed on a scale, and
we have seen that heating or cooling something respectively increases or decreases particle movements. Thus,
temperature is, more specifically, proportional to the average translational kinetic energy of particles.

Temperature is a measure of the average translational kinetic energy of particles.

The other contributions to the internal energy do not affect the temperature. This becomes important when
materials melt or boil because the added heat must go somewhere, but the temperature does not change. In fact,
the added heat is involved in breaking bonds between particles.

Measuring temperature is a relatively simple process. Our bodies tell us when it is hot or cold. Our fingers warn
us when we touch a hot object.

Thermometers were designed as a way to measure temperature accurately. A good thermometer needs a material
that changes in a regular and measurable way as its temperature changes. Many materials, including water,
expand when heated, so the first thermometer, built in 1630, used water in a narrow tube with a filled bulb at

the bottom. The water rose up the tube as the bulb was warmed.

German physicist Daniel Fahrenheit replaced the water with mercury in 1724. Liquid thermometers now use
alcohol with a dye added. Fahrenheit developed a scale to measure the temperature, using the lowest temperature
he could reach, an ice and salt mixture, as zero degrees, and the temperature of the human body as 100 degrees.
Fahrenheit also showed that a particular liquid will always boil at the same temperature. Swedish astronomer
Anders Celsius developed another temperature scale in 1742, which is the one we use today. Celsius used
melting ice and steam from boiling water at atmospheric pressure to define 0 °C and 100 °C for his scale.

A third temperature scale was proposed in 1848 by William Thomson, later to be : ; fth

. . emperature a measure O e
ennobled as Lord Kelvin. He proposed the scale based on the better understanding averzge translational Kinetic
of heat and temperature that had developed by that time (this is discussed later in energy of particles
this section). This scale uses the symbol ‘K’ to stand for ‘kelvin’.
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Other materials, including gases and metals, also expand with temperature and are used as thermometers. A
bimetallic strip is two lengths of different metals, usually steel and copper, joined together. The two metals
expand at different rates, so the strip bends one way as the temperature rises, or the other as it cools. A
bimetallic strip can be used as a thermometer, a thermostat or as a compensating mechanism in clocks.

Properties that change with temperature and can be
employed in designing a thermometer are:
¢ the electrical resistance of metals, which
increases with temperature
e the electrical voltage from a thermocouple,
which is two lengths of different metals with

their ends joined; if one end is heated, a voltage

is produced (see figure 3.6)

e colour change; liquid crystals change colour
with temperature (see figure 3.7)

¢ the colour emitted by a hot object; in
steelmaking, the temperature of hot steel is
measured by its colour (see figure 3.8).

FIGURE 3.7 This liquid crystal thermometer
indicates body temperature when the liquid
crystals change colour. The thermometer is
registering 37 °C.
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FIGURE 3.6 This thermocouple is connected to
a voltmeter, which reads differing voltages as the
thermocouple changes temperature.

Iron wire
Joint of two different ¢
metals
P V20 o 2o Sl P20 &
Copper wire

FIGURE 3.8 This steel is nearly 1000 °C and has
recently been poured into a mould to shape it. The
steel will continue to glow until it has cooled to
about 400 °C.
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The Kelvin scale

The kinetic theory of matter is the origin of the Kelvin temperature scale. If temperature depends on the
movement of particles, then the slower they move, the lower the temperature. When the particles stop
moving, the temperature will be the lowest that is physically possible. This temperature was adopted as

absolute zero.

But how do we measure it and what is its value?

In the early 1800s gases were a good material to work with to explore the nature of matter. An amount of gas in
a glass vessel could be heated and the variables of temperature, volume and pressure to keep the volume fixed
could be easily measured. Joseph Gay-Lussac and Jacques Charles independently investigated how the volume
of gases changed with temperature if they were kept under a constant pressure. They found that all gases kept
at constant pressure expand or contract by 2—;3 of their volume at 0 °C for each Celsius degree rise or fall in

temperature.

From that result you can conclude that if you cooled the gas, and it stayed as a gas
and did not liquefy, you could cool it to a low enough temperature that its volume
reduced to zero. The temperature would be absolute zero. According to their
experiments, absolute zero was —273 °C. Nowadays more accurate experiments
put the value at —273.15 °C.

In kelvin, absolute zero is 0 K. The increments in the Kelvin temperature scale are
the same size as those in the Celsius scale, so if the temperature increased by 5 °C,
it also increased by 5 K.

absolute zero the lowest
temperature that is physically
possible, equal to 0 K or
approximately —273 °C; at this
temperature, particles cease to
vibrate

The conversion formula between the two temperature scales is:
kelvin = Celsius + 273

T(kelvin) = T(Celsius) +273

FIGURE 3.9 By extrapolating his trend line back, Kelvin was able to establish absolute zero at -273 °C. With

modern equipment, absolute zero is now determined to be —273.15 °C.
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TABLE 3.2 Some temperatures on the Kelvin and Celsius scales

Absolute zero 0 -273
Helium gas liquefies 4 -269
Lead becomes a superconductor 7 -266
Nitrogen gas liquefies 63 -210
Lowest recorded air temperature on Earth’s surface (Vostok, Antarctica) 184 -89
Mercury freezes 234 -39
Water freezes 273 0
Normal human body temperature 310 37
Highest recorded air temperature on Earth’s surface (Death Valley, USA) 330 57
Mercury boils 630 357
Iron melts 1535 1262
Surface of the Sun 5778 5505

Note: In 1968, the international General Conference on Weight and Measures decided that kelvin temperatures do not use the
° symbol, unlike Celsius and Fahrenheit temperatures.

SAMPLE PROBLEM 1 Converting from degrees Celsius to kelvin
tlvd-0003

What is the kelvin temperature at which ice melts?

THINK WRITE
1. Recall the relationship between the two Tketvin) = Tcelsivs) +273
temperature scales.
2. Ice melts at 0 °C. Substitute 0 °C into the Taetvin) = T(cetsivs) + 273
conversion formula. =0+273
=273K
3. State the solution. Ice melts at 273 K.

PRACTICE PROBLEM 1

The temperature of the universe predicted by the cosmic microwave background is 3 K. What is this
in degrees Celsius?

EXTENSION: The lowest temperature

In October 2021 scientists in Germany, for a few seconds, created the coldest temperature ever recorded in a lab,
reducing the temperature of a cloud of rubidium atoms to 38 trillionths of a degree above absolute zero. They did
this by allowing the cloud of atoms to expand rapidly down a cooling tower.

There are no thermometers that can actually measure such a low temperature. In this case, the scientists used
the kinetic energy of the atoms to calculate the temperature. The average speed of the atoms was less than
65 micrometres per second.

By comparison, the coldest place observed so far in the universe is the Boomerang Nebula, where the
temperature is just 1 degree above absolute zero. At absolute zero no energy can be removed from particles.
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3.2

Activities learn

Students, these questions are even better in jacPLUS

Find all this and MORE in jacPLUS C)

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

3.2 Quick quiz on ‘ 3.2 Exercise U 3.2 Exam questions L

3.2 Exercise

-

o

12.

13.

© © ®™ N

. Why is the Celsius scale of temperature commonly used rather than the Kelvin scale?

What is the main advantage of an absolute scale of temperature?

Estimate each of the following temperatures in kelvin.

a. The maximum temperature in Melbourne on a hot summer’s day

b. The minimum temperature in Melbourne on a cold, frosty winter’s morning

c. The current room temperature

d. The temperature of cold tap water

e. The boiling point of water

The temperature of very cold water in a small test tube is measured with a large mercury-in-glass
thermometer. The temperature measured is unexpectedly high. Suggest a reason for this.

Carbon dioxide sublimates, that is, goes directly from solid to gas, at —78.5 °C. What is this temperature
in kelvin?

The temperature of the surface of Mars was measured by the Viking lander and ranged from 256 K to
166 K. What are the equivalent temperatures in degrees Celsius?

Use the particle theory to explain why you can smell what’s for dinner from the front door of your house.
Explain the difference between translational kinetic energy and other types of internal energy.

Use the particle theory to explain what happens when your cup of tea cools down over time.

Cling film on a warm bowl of soup placed in the fridge gets sucked down when it cools. Use the particle
theory to explain this.

. James Joule showed that mechanical energy could be transformed into the internal energy of a substance or

object. The temperature of a nail, for example, can be raised by hitting it with a hammer. List as many
examples as you can of the use of mechanical energy to increase the temperature of a substance or object.
Explain, in terms of the kinetic particle model, why a red-hot pin dropped into a cup of water has less effect
on the water’s temperature than a red-hot nail dropped into the same cup of water.

Explain why energy is transferred from your body into the cold sea while swimming even though you have
less internal energy than the surrounding cold water.

3.2 Exam questions

N\ )
Question 1 (1 mark) N N
T The boiling point of water is 100°C 373K
A. 100 °F. B. 100 K.
C.0°C. D. 100°C.
Question 2 (5 marks) '
Temperature scales allow us to compare the average kinetic energy of different 1 100 100
materials. divisions divisions
a. Describe what the Celsius and Kelvin scales are based on. (2 marks)
b. What is similar about both the Celsius and Kelvin scales? (1 mark)
c. Why is the Kelvin scale an absolute scale? (1 mark)
d. How are the units used in the Kelvin scale different to those 1 |
used in the Celsius and Fahrenheit scales? (1 mark) ||l o°cC 273 K
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Question 3 (1 mark)

& Absolute zero (0 K) is equivalent to (rounded off)
-273°C.

273°C.

-373°C.

0°F.

cow»

Question 4 (3 marks)

Explain, using the kinetic theory of matter, why a solid must be heated in order to turn it into a liquid.

Question 5 (2 marks)
When a tennis ball is hit it is momentarily squished by the contact with the racquet.

Explain what happens to the temperature of the air inside a tennis ball in this moment.

More exam questions are available in your learnON title.

3.3 Transferring heat

KEY KNOWLEDGE

¢ Distinguish between conduction, convection and radiation with reference to heat transfers within and

between systems

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

From our understanding of the particle theory and its relationship to heat we know that energy is always

transferred from a region of higher temperature to a region of lower temperature.

There are many situations in which it is necessary to
control the rate at which the energy is transferred:

¢ Warm-blooded animals, including humans, need
to maintain their body temperature in hot and
cold conditions. Cooling of the body must be
reduced in cold conditions. In hot conditions, it
is important that cooling takes place to avoid an
increase in body temperature.

e Keeping your home warm in winter and cool in
summer can be costly, both in terms of energy
resources and money. Applying knowledge of
how heat is transferred from one place to another
can help you find ways to reduce how much your
house cools in winter and heats up in summer,
thus reducing your energy bills.

¢ The storage of many foods in cold temperatures is necessary to keep them
from spoiling. In warm climates most beverages are enjoyed more
if they are cold. The transfer of heat from the warmer surroundings needs
to be kept to a minimum.

There are three different processes through which energy can be transferred during
heating and cooling: conduction, convection and radiation (see figure 3.11).
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FIGURE 3.10 Reducing heat transfer to and from
buildings saves precious energy resources, and
reduces gas and electricity bills.

conduction the transfer of heat
through a substance as a result of
collisions between neighbouring
vibrating particles

convection the transfer of heat in

a fluid (a liquid or gas) as a result of
the movement of particles within the
fluid

radiation heat transfer without the
presence of particles



FIGURE 3.11 Heat is transferred by conduction, convection and radiation.

conductor a material that
contains charge carriers
insulator a substance that does
not readily allow the passage of
heat

3.3.1 Conduction

Conduction is the transfer of heat through a substance as a result of
collisions between neighbouring vibrating particles. The particles in the
higher temperature region have more random kinetic energy than those in

FIGURE 3.12 Conduction is
the transfer of thermal energy
(heat) due to collisions between

the lower temperature region. As shown in figure 3.12, the more energetic neighbouring particles.
particles collide with the less energetic particles, giving up some of their
kinetic energy. This transfer of kinetic energy from particle to particle Direction of heat transfer

continues until thermal equilibrium is reached. There is no net movement
of particles during the process of conduction.

Solids are better conductors of heat than liquids and gases. In solids, the
particles are more tightly bound and closer together than in liquids and
gases. Thus, kinetic energy can be transferred more quickly. Metals are the
best conductors of heat because free electrons are able to transfer kinetic
energy more readily to other electrons and atoms. temperature temperature

Materials that are poor conductors are called insulators. Materials such as polystyrene foam, wool and
fibreglass batts are effective insulators because they contain pockets of still air. Air is a very poor conductor of
heat. If air is free to move, however, heat can be transferred by a different method — convection.

FIGURE 3.13 a. Insulators like rock mineral wool have excellent thermal and acoustic properties. b. Fibreglass
insulation is made from recycled glass bottles, sand and other materials.
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3.3.2 Convection

Convection is the transfer of heat through a substance as a result of the movement of particles between regions
of different temperatures. Convection takes place in liquids and gases, where particles are free to move around.
In solids, the particles vibrate about a fixed position and convection does not generally occur, except under
specific conditions (e.g. in the extreme temperature and pressure in Earth’s mantle). Gases and liquids expand
when heated, as their particles move further apart and thus become less dense. This reduction in density results
in the warmer, less dense fluid rising.

The movement of particles during convection is called a convection current. Faster-moving particles in hot
regions rise while slower-moving particles in cool regions fall. The particles in the warm water near the flame
in figure 3.14 are moving faster and are further apart than those in the cooler water further from the flame. The
cooler, denser water sinks, forcing the warm, less dense water upwards. This process continues as the warm
water rises, gradually cools and eventually sinks again, replacing newly heated water.

FIGURE 3.14 Purple particles from a crystal of potassium permanganate carefully placed at the bottom of the
beaker are forced around the beaker by convection currents in the heated water.

Beaker

Small potassium
permanganate Convection
crystal current

LR

Bunsen burner

Bunsen
burner

Heat-proof
mat

4

convection current the movement

of particles during the transfer of
heat through a substance

Convection currents are apparent in ovens that do not have

.. FIGURE 3.15 Convection currents circulate
fans. As the air circulates, the whole oven becomes hot.

warm air pushed out by home-heating

However, the top part of the oven always contains the hottest, systems. The warm air rises and then
least dense air. As the air cools, it sinks and is replaced by circulates around the room until it cools
less dense hot air for as long as the energy source at the and sinks, being replaced with more warm air.

bottom of the oven remains on. Fans can be used to push air
around the oven, providing a more even temperature.

Home-heating systems use convection to move warm air
around. Ducted heating vents are, where possible, located P AN
in the floor. Without the aid of powerful fans, the warm air Q ‘
rises and then circulates around the room until it cools and

sinks, being replaced with more warm air. In homes built on é

concrete slabs, ducted heating vents are in the ceiling. Fans /\’ -
are necessary to push the warm air downwards so that it can A

circulate more efficiently.

Heater
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In summer, loose-fitting clothing is more comfortable because it allows air to circulate. Thus, heat can be
transferred from your body by convection as the warm air near your skin rises and escapes upwards.

Convection, with its actual movement of particles, is more efficient than conduction to transfer heat, as with
conduction, particles only vibrate at their position.

3.3.3 Radiation

Heat can be transferred without the presence of
particles by the process of radiation. As outlined
in subtopic 1.4, all objects with a temperature
above absolute zero (0 K) emit electromagnetic Transmitted Transmitted radiant heat

FIGURE 3.16 Radiant heat can be transmitted,
absorbed or reflected.

radiation through the process of blackbody . heat Clear objects, like glass, allow
.. .. . . . light and radiant heat to pass

rad{atpn. VlSlbl.e light, r.nlc.rowaves, infrared 5 ~ through them. The temperature of

radiation, ultraviolet radiation and x-rays are ~> ~ these objects does not increase

all examples of electromagnetic radiation. All ’ quickly when heat reaches them by

electromagnetic radiation is transmitted through radiation.

empty space at a speed of 3.0 x 108 m s~!, which is

most commonly known as the speed of light. Note Absorbed Absorbed radiant heat

that light in air is 1.0003 times slower than light heat Dark-coloured objects tend to

in a vacuum. Thus, even in the atmosphere, the absorb light and radiant heat. Their
.. . . temperatures increase quickly when

transfer of heat by radiation is extremely rapid and Radiated heat reaches them by radiation.

is in fact the fastest process of heat transfer. heat

Electromagnetic radiation can be absorbed by, Reflected radiant heat

w

reflected from or transmitted through substances. \ Shiny or light-coloured surfaces
Scientists have used a wave model to explain much tend to reflect light and radiant
. . ' ‘ heat away. The temperature of

of the behaviour of electromagnetic waves. These W these objects does not change
electromagnetic waves transfer energy, and reflect quickly when heat reaches them by

. - Reflected heat radiation
and refract in ways that are similar to waves on :
water.

What distinguishes the different types of electromagnetic radiation from each other is:
e their wavelength (the distance the wave takes to repeat itself)
e their frequency (the number of wavelengths passing every second)
¢ the amount of energy they transfer.

These properties in turn determine their ability to be transmitted through

transparent or opaque objects, their heating effect and their effect on living tissue. electromagnetic radiation an
electromagnetic wave or radiation
Figure 3.17 shows the electromagnetic spectrum and demonstrates that higher- that includes visible light, radio

energy radiation corresponds to low wavelength. waves, gamma rays and x-rays

FIGURE 3.17 The electromagnetic spectrum. All objects emit some electromagnetic radiation.

Increasing frequency
Increasing energy

Rad
X-rays Gamma
Sho rays
AM wa!
radio rad
| | | |
104 102 10° 1072 10~ 1076 10-8 10710 10712
Wavelength (metres)
Increasing wavelength - Decreasing wavelength
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Why do hot objects emit electromagnetic radiation?

All matter is made up of atoms. At any temperature above absolute zero, these atoms are moving and colliding
with each other. The atoms contain positive and negative charges. The motion of the atoms and their collisions
with other atoms affect the motion of the electrons. Because they are charged and moving around, the electrons
produce electromagnetic radiation. Electrons moving in an antenna produce a radio signal, but in a hot object the
motion is more random with a range of speeds.

So, a hot object produces radiation across a broad range of wavelengths. If its temperature increases, the atoms
move faster and have more frequent and more energetic collisions. These produce more intense radiation with
higher frequencies and shorter wavelengths. However, this still occurs across a range of frequencies.

FIGURE 3.18 Electromagnetic radiation from a hot body

3.3.4 Thermal equilibrium

Energy is always transferred from a region of high temperature to a region of lower o

il both . h th Wh h . thermal equilibrium the state
terpperature until both regions reach the s.ame.temper.ature. en the temperature is obtained when the temperature
uniform, a state of thermal equilibrium is said to exist and no net transfer of heat of two regions in contact is uniform
energy is occurring.

So, when a hot nail is dropped into a beaker of cold water, energy will be transferred from the hot nail into the
water even though the hot nail has less total internal energy than the water. When thermal equilibrium is reached,
the temperature of both the water and the nail is the same. The particles of water and the particles in the nail
have the same average amount of random translational kinetic energy. Figure 3.19 shows how the kinetic particle
model can be used to explain the direction of energy transfer in the beaker.
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What is implicit in this discussion of thermal equilibrium and internal energy is the subtle, but important, point
made by James Clerk Maxwell that ‘All heat is of the same kind’.

FIGURE 3.19 The particles in the nail have more kinetic energy (on average) than those that make up the water.
They collide with the particles of water, losing some of their kinetic energy and increasing the kinetic energy of
individual particles of water. The temperature of the surrounding water increases.

% Nail

Some of the kinetic energy of the particles in the nail
is transferred to the water as the particles in the nail
/ collide with particles of water.

High kinetic energy,
high temperature

Low kinetic energy,
low temperature

FIGURE 3.20 When you swim in a cold pool, energy is transferred from your body into the water. The water
has much more total internal energy than your body because there is so much of it. However, the particles in
your body have more random translational kinetic energy that can be transferred to the particles of cold water.
Hopefully, you would not remain in the water long enough for thermal equilibrium to be reached.

Some energy is also
transferred to the air.

Water SW|mmer s body

temperature 15°C temperature 37 °C

Energy is transferred Energy is transferred

to the water. to the water.
Resources

Interactivity Thermal equilibrium (int-6390)
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3.3 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
3.3 Quick quiz J 3.3 Exercise U 3.3 Exam questions
3.3 Exercise
1. Explain, with the aid of a well-labelled diagram, how heat is transferred through a substance by conduction.
2. Why are liquids and gases generally poorer conductors of heat than solids?
3. Explain how convection occurs in water that is being heated in a test tube from below.
4. Why is it not possible for heat to be transferred through solids by convection?
5. At what speed does radiant energy move through space? What is significant about this speed?
6. When you swim in a still body of water on a hot afternoon there is a noticeable temperature difference
between the water at the surface and the deeper water.
a. Explain why this difference occurs.
b. If the water is rough, the difference is less noticeable. Why?
7. Standing near the concrete wall of a city building after a hot day, you can instantly feel its warmth from a few
metres away.
a. How is the energy transferred to you?
b. What caused the building to get hot during the day?
8. Why is it not practical to drink hot coffee in an aluminium picnic cup?
9. Why do ducts in the ceiling need more powerful fans than those in the floor?
3.3 Exam questions

Question 1 (1 mark)

& Conduction is a phenomenon that works best in

oow>

solids.
liquids.
gases.
all of the above.

Question 2 (1 mark)

T Which of the following sets of materials has the best conductors?

A.

B
(&
D

Iron, dry wood, water
. Qil, steel, rock

. Copper, petrol, air

. Tin, copper, steel

Question 3 (2 marks)

How is conduction affected by the temperature difference between materials?

Question 4 (2 marks) :
Why does heating water cause stirring of the water and formation of vortices (swirls)? )(
o

Describe the motion of particles as a hot solid touches a colder solid.

Question 5 (3 marks)

More exam questions are available in your learnON title.
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3.4 Specific heat capacity

KEY KNOWLEDGE

¢ Investigate and analyse theoretically and practically the energy required to:
« raise the temperature of a substance: Q = mcAT
« change the state of a substance: Q = mL
® Explain why cooling results from evaporation using a simple kinetic energy model

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

3.4.1 Specific heat capacity

Once the temperature of materials could be accurately measured, it became apparent that, when heated, some
materials increased in temperature more quickly than others. This phenomenon is called the ‘specific heat
capacity’ of materials.

The ‘specific heat capacity’ of materials is defined as the amount of energy required to increase the
temperature of 1 kilogram of the material by 1 °C (or K).

It takes more energy to increase the temperature of water by 1 °C than any other common substance. Water
also needs to lose more energy to decrease in temperature. In simple terms, this means that water maintains its
temperature well, cooling down and heating up more slowly than other materials. This explains, for instance,
why it takes weeks for the average temperature of large bodies of water to increase or decrease by just 1 °C.

TABLE 3.3 Specific heat capacity of some common substances

Substance Specific heat capacity (J kg™ K™')
Helium 5193
Water 4200
Human body (average) 3500
Cooking oll 2800
Ethylene glycol (used in car ‘antifreeze’) 2400
Ice 2100
Steam 2000
Fertile topsoil 1800
Neon 1030
Air 1003
Aluminium 897
Carbon dioxide 839
Desert sand 820
Glass (standard) 670
Argon 520
Iron and steel (average) 450
Zinc 387
Copper 385
Lead 129
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Specific heat capacities differ because of two factors:
1. The different contributions to the internal energy by the forms of energy other than translational kinetic
energy
2. The varying mass of individual atoms and molecules.

The internal energy of single-atom gases, such as helium, neon and argon, consists of only translational kinetic
energy. So the specific heat capacities should be the same if you account for their difference in mass. Look up
the atomic weight for each gas and multiply it by each gas’s specific heat capacity and compare your answers.

The quantity of energy, O, transferred to or from a substance in order to change its temperature is given as:
O =mcAT

The heat energy, Q, is directly proportional to three factors:
e The mass of the substance (m)
e The change in temperature (A7)
e The specific heat capacity of the substance (c).

SAMPLE PROBLEM 2 Calculations involving specific heat capacity
tlvd-0005

a. How much energy is needed to heat 8.0 L (about 8.0 kg) of water from a room temperature of
15°C to 85 °C?

b. A chef pours 200 g of cold water with a temperature of 15 °C into a hot aluminium saucepan with
a mass of 250 g and a temperature of 120 °C. What will be the common temperature of the water
and saucepan when thermal equilibrium is reached? Assume that no energy is transferred to or
from the surroundings.

THINK WRITE
a. 1. Recall the relationship Q = mcAT. a. Q=mcAT
2. Identify the values, using table 3.3 to m=238.0kg, c=4200] kg_1 K™
determine the specific heat capacity and AT=85°C—15°C
calculate the temperature difference in kelvin. =70 °C
= 70 K (same change)
3. Substitute values into the formula and solve. 0 = 8.0x4200x70
= 2352 000
=2.4%x10°kJ
4. State the solution. 2.4 x 10° kJ of energy is needed to increase the
temperature of 8.0 L of water from 15 °C to
85 °C.

b. The solution to this question relies on the following three factors:
e Energy is transferred from the saucepan into the water until both the saucepan and the water
reach the same temperature (7 °C).
e The amount of internal energy (Q,,) gained by the water will be the same as the amount of
internal energy lost by the saucepan (Q,).
e The internal energy gained or lost can be expressed as mcAT. (AT can be expressed in K or
°C since change in temperature is the same in both units.)
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1. Recall the relationship Q,, = Q.

2. Identify the change in temperature of the
water and saucepan.

3. Substitute values into the formula and solve.

4. State the solution (to the least number of

significant figures provided in the question).

Oy = 0,

My, Co AT, = mc AT,

AT, = T;—15°C
AT, =120°C—T;

0.200kg x 4200 T kg™ °C™' x (T; — 15 °C)

=0.250kg x 900 T kg™! °C™! x (120 °C — T})
= 840T; — 12600 = 27 000 — 225T;
1065T; = 39 600
39600

P = ———

1065
=37.18 °C
The saucepan and the water have reached a
common temperature of 37 °C.

This example is a good illustration of the implications of a high specific heat capacity.

Even though there was a smaller mass of water than aluminium, the final temperature was
closer to the original water temperature than the original aluminium temperature.

PRACTICE PROBLEM 2

Estimate how much energy is needed to increase the temperature of your body by 1 °C.

EXTENSION: Caution! Contents may be hot

Eating a hot pie can be a health hazard! The temperature of the pastry and filling
of a hot pie are the same. Thermal equilibrium has been reached. So why can you
bite into a pie that seems cool enough to eat and be burnt by the filling?

The reason is that the filling is mostly water, while the pastry is mostly air. When
your mouth surrounds that tasty pie, energy is transferred from the pie to your
mouth. Each gram of water in the filling releases about 4 J of energy into your

mouth for every 1 °C lost (since the specific heat of water is 4200 J kg™' K™'). Each
gram of air in the pastry releases only about 1 J of energy into your mouth for
every 1 °C lost (since the specific heat of air is 1000 J kg~ K~'Gram for gram, the
filling transfers four times more energy into your mouth than the pastry.

3.4.2 Latent heat

In order for a substance to melt or evaporate, energy must be added. During the
process of melting or evaporating, the temperature of the substance does not
increase. The energy added while the state is changing is called latent heat. The
word latent is used because it means ‘hidden’. The usual evidence of heating, a

change in temperature, is not observed.

latent heat the heat added to a
substance undergoing a change
of state that does not increase the
temperature

Similarly, when substances freeze or condense, energy must be released. However, during the process of
changing state, there is no decrease in temperature accompanying the loss of internal energy.
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In simple terms, the energy transferred to or from a substance during melting, evaporating, freezing or
condensing is used to change the state rather than to change the temperature.

During a change of state, internal energy is gained or lost from the substance. Recall, however, that the
internal energy includes the random kinetic and potential energy of the particles in the substance. The random
translational kinetic energy of particles determines the temperature.

When a substance is being heated, the incoming energy increases the translational kinetic energy of the particles,
increasing the temperature of the substance. When the substance being heated reaches its melting point, the
incoming energy increases the potential energy of the particles rather than the random translational kinetic
energy of the particles. The temperature of the substance does not change while it is melting. After the substance
has melted completely, the incoming energy increases the kinetic energy of the particles again. When the
substance is being cooled, the internal energy lost on reaching the melting (or freezing) point is potential energy.
The temperature does not decrease until the substance has completely solidified.

The same process occurs at the boiling point of a substance. While evaporation or condensation takes place, the
temperature of the substance does not change. The energy being gained or lost is latent heat, ‘hidden’ as changes
in internal potential energy take place.

Specific latent heat of fusion

The specific latent heat of fusion is the quantity of energy required to change 1 kilogram of a substance from a
solid to a liquid without a change in temperature. Note that the same quantity of energy is lost without a change
in temperature during the change from a liquid to a solid. The specific latent heat of fusion of water is

334 kJ kg~!. This value for the latent heat of fusion is also used when calculating the energy used during a phase
change from liquid to solid. The difference is that changes of states from a more-ordered state to a less-ordered
state (such as a solid to a liquid or a liquid to a gas) are endothermic reactions and require energy, while changes
from a less-ordered state to a more-ordered state (such as a gas to a liquid or a liquid to a solid) are exothermic
reactions and release energy.

Specific latent heat of vaporisation

The specific latent heat of vaporisation is the quantity of energy required to change » .
. .. . . specific latent heat of fusion

1 kilogram of a substance from a liquid to a gas without a change in temperature. the quantity of energy required to
Note that the same quantity of energy is lost without a change in temperature during change 1 kilogram of a substance
the change from a gas to a liquid. The specific latent heat of vaporisation of water is from a solid to a liquid without a
2.3 x 10° kJ kg!. Note that this is approximately seven times greater that the value Chan%’? In temperature

. . specific latent heat of
for the specific latent heat of fusion for water. vaporisation the quantity of energy
required to change 1 kilogram of
a substance from a liquid to a gas
without a change in temperature

FIGURE 3.21 Changes of state and latent heat

Temperature Melting Temperature Evaporation Temperature
increases (no temp. change) increases (no temp. change) increases
SOLID Latent heat LIQUID Latent.hea.\t GAS
of fusion of vaporisation
Temperature Freezing Temperature Condensation Temperature
decreases (no temp. change) decreases (no temp. change) decreases
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Table 3.4 details both the specific latent heat of fusion and the specific latent heat of vaporisation of a number of
common substances.

TABLE 3.4 Specific latent heat of some common substances

Substance Specific latent heat of fusion (J kg™') Specific latent heat of vaporisation (J kg™')
Water 3.3x10° 2.3 x10°
Oxygen 6.9 x 10° 1.1 x10°
Sodium chloride 4.9 x10° 2.9 x 10°
Aluminium 2.2 x10° 1.7 x 10*
Iron 2.8 x 10° 6.3 x 10°

The graph in figure 3.22 shows how the temperature of water increases
as it is heated at a constant rate. During the interval BC, the temperature
is not increasing. The water is changing state. The energy transferred

to the water is not increasing the random translational kinetic energy of

FIGURE 3.22 A heating curve for
water being heated at a constant
rate

water particles. Note that the gradient of the section AB is considerably 200 b
less than the gradient of the section CD. What difference in the o
properties of water and steam does this reflect? 72’ 1501 Steam
~§ 100d B Water boiling .
Algebraically, the quantity of energy, Q, required to change g o
the state of a substance without a change in temperature can be = 507 /Liquid water
expressed as: A

0 Time
O=mL

where:
m = mass of the substance

L = specific latent heat of fusion or vaporisation.

SAMPLE PROBLEM 3 The energy required to change the state of a substance
tlvd-0006

The graph in figure 3.22 might represent the melting of aluminium. The melting point of aluminium
is 660.3 °C.

a. How much energy must be transferred to completely melt 2.5 kg of aluminium?

b. What would be the temperature of the aluminium at the instant it has all melted?

THINK WRITE
a. 1. Identify what type of change of state is a. Changing from solid to liquid is fusion.
occurring: fusion or vaporisation. Q=mL
2. Identify the values. L=22%x10Tkg™!, m=2.5kg
3. Substitute values into the formula and solve. 0=22x10°Tkg ' x2.5kg
=55%10°]
4. State the solution. 5.5 x 103 J of energy is needed to completely

melt 2.5 kg of aluminium.

TOPIC 3 Thermal energy and its interaction with electromagnetic radiation 99



b. All of the energy supplied is being used to b. The temperature just after state change is
change state, thus the temperature does not still 660.3 °C.
rise (see flat section of graph).

PRACTICE PROBLEM 3

Determine how much energy is absorbed to evaporate 15 grams of water.

Resources

Interactivity Changes of state (int-0222)

3.4.3 Evaporation

Your skin is not completely watertight, which allows water
from the skin and tissues beneath it to evaporate. The latent
heat of vaporisation required for the water to change state

FIGURE 3.23 Particle A experiences forces
of attraction from the surrounding particles in
all directions. Particle B does not experience

from liquid to gas is obtained from the body, reducing its as many forces, so it will need less kinetic
temperature. Evaporation of water from the mouth and energy to escape the forces of attraction and
lungs also takes place during the process of breathing. Even evaporate.

without sweating, the energy used to evaporate water in the

body accounts for about 17 per cent of the total heat transfer a B

from the body to the environment. .
«~———Gas

Water evaporates even though its temperature is well below

its boiling point. The temperature is dependent on the average ¢ ¢ & VGO 00¢

translational kinetic energy of the water molecules. Those © 0!¢@ ¢ © o Beaker

molecules with a kinetic energy greater than average will be ©0 ¢

moving faster than the others. Some of them will be moving ve ¢© o

fast enough to break the bonds holding them to the water and v e ¢ w4 { ¢ © <——lquid

escape from the liquid surface. The fastest particles with the v e « L = C

higher kinetic energies leave the surface of the water, thereby VOOV Q¢ Ve

reducing the average kinetic energy of the remaining particles
and thus the temperature of the water. This explains why

you can keep a bottle and its contents cool on a hot day by
wrapping a wet cloth around it.

EXTENSION: Steam burns

A burn caused by steam at 100 °C is considerably more serious than a
burn caused by the same mass of boiling water. Each gram of hot steam
transfers 2600 J of energy to your skin as it condenses to water at 100 °C.
Each gram of newly condensed steam then transfers 4.2 J for each
degree drop in temperature as it cools to your body temperature of about
37 °C. That’s about 265 J. The total quantity of energy transferred by each
gram of steam is therefore about 2865 J, which is more than ten times the
amount of energy a gram of boiling water would transfer to your skin as it
cools down to your body temperature.
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elog-1828

tlvd-0804

INVESTIGATION 3.1 [on1 1 - only

The good oil on heating
Aim
To show that different substances require different quantities of energy to change their temperatures by the same

amount and to show that the quantity of energy required to change the temperature of a given substance is
directly proportional to the mass of the substance

INVESTIGATION 3.2 0N - only!

Cooling

Aim

To show that the internal energy of a substance can change without a subsequent change in temperature and to
produce a cooling curve that illustrates the concept of latent heat

3.4 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

3.4 Quick quiz on ‘ 3.4 Exercise U 3.4 Exam questions L

3.4 Exercise

1. The quantity of energy needed to increase the temperature of a substance is directly proportional to the mass,
specific heat capacity and the change in temperature of the substance. If 200 kJ is used to increase the
temperature of a particular quantity of a substance, how much energy would be needed to bring:

a. twice as much of the substance through the same change in temperature

b. three times as much of the substance through a temperature change twice as great?

2. Use table 3.3 to answer the following questions.

a. Why is the specific heat capacity of the human body so high?

b. Why is the specific heat capacity of deserts so much lower than that of fertile topsoil?

c. When heating water to boiling point in a saucepan, some of the energy transferred from the hotplate is used
to increase the temperature of the saucepan. Which would you expect to gain the most energy from the
hotplate: an aluminium, copper or steel saucepan of similar size? (Note: Steel is nearly three times denser
that aluminium.)

d. Make some general comments about the order of substances listed in table 3.3.

3. Use the following data to determine the quantity of energy needed to evaporate 500 g of water without a
change in temperature.

Specific latent heat of Specific latent heat of

Substance fusion (J kg™") vaporisation (J kg™')
Water 3.3 x 10° | 2.3 % 10°
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4. The following graph shows the heating curve obtained when 500 g of candle wax in solid form was heated
from room temperature in a beaker of boiling water.

4

250
D E
200 No wax
remaining

150

100 +

Temperature (°C)

50

100 200 300 400 500 600
Quantity of energy (kJ)

a. What is the boiling point of the candle wax?

b. During the interval BC there is no increase in temperature even though heating continued. What was the
energy transferred to the candle wax being used for during this interval?

c. In which state of matter was the candle wax during the interval CD?

d. Use the heating curve to determine the latent heat of fusion of candle wax.

e. Which is higher: the specific heat capacity of solid candle wax or the specific heat capacity of liquid candle
wax? Explain your answer.

f. Explain, in terms of the kinetic particle model, what is happening during the interval DE.

5. How much ice at 0 °C could be melted with 1 kilogram of steam at 100 °C, assuming no loss of energy to the
surroundings? Use the specific latent heat values quoted in table 3.4. The specific heat capacity of water is
4200 J kg K.

6. Explain the importance of keeping a lid on a simmering saucepan of water in terms of latent heat of
vaporisation.

7. How does the evaporation of water cause a reduction in the temperature of the surrounding air?

3.4 Exam questions

Question 1 (1 mark)

I The specific heat capacities of ice, water and steam are all different due to all three having
the same bonding strength.

different chemical compositions.

different amounts of kinetic and bonding energies.

the same structures.

ocow>

Question 2 (1 mark)

T The relationship Q = mcAT can be used to calculate the
energy needed for a state change.

heat energy transfer.

internal energy change.

work done.

oSowmp

Question 3 (3 marks)

Calculate the energy change, Q, if 550 g (mL) of water is heated from 34 °C to 89 °C. Use an appropriate scale
unit in your answer.
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Question 4 (4 marks)
500 g of water at 90 °C is poured into an empty 300 g aluminium saucepan at 20 °C.

Determine the common temperature when thermal equilibrium is reached. Assume no heat is lost to the
surroundings.

Question 5 (4 marks)
How much energy is needed to boil 400 g of water to steam from 50 °C?

More exam questions are available in your learnON title.

3.5 Understanding climate change and global warming

KEY KNOWLEDGE

* Apply concepts of energy transfer, energy transformation, temperature change and change of state to climate
change and global warming

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

Although the Sun is our primary source of energy on Earth, as seen in section 1.4, L

L. c. radioactive decay the process
our secondary source of energy comes from within Earth. The heaF energy W.lthln by which an unstable atomic
Earth comes from the radioactive decay of elements such as uranium. Gravity nucleus loses energy by radiation
and Earth’s rotation are other sources of energy. However, it is solar energy that
drives the overall climate system.

3.5.1 Energy in balance

Every object attempts to achieve thermal equilibrium — that

is, a balance between energy absorbed and energy emitted. el ilze s re e i e Ce T

is a balance between energy absorbed and
Imagine a steel ball placed in direct sunlight as shown in energy emitted.

figure 3.24. When light energy heats and warms an object,

like a steel ball, its particles start to get more excited and its .

translational kinetic energy starts to increase. As a result,

the steel ball emits thermal radiant energy (usually in the Energy out
infrared). The absorbed energy increases the temperature from thermal
of the ball; the increased temperature means that the ball Fr(r;‘re'r:gsyuir?light radiation
will radiate more thermal energy. If the amount of energy

radiated is less than the amount absorbed, the temperature

of the ball will continue to increase, leading to more energy

being emitted, until a temperature is reached where energy

. Steel ball
in and energy out balance. eeiba

Similarly, if a cloud moves in front of the Sun, the energy

absorbed by the ball would suddenly decrease to less than the amount of energy being emitted. The temperature
of the ball would drop and continue to fall until the amount of energy emitted matched the energy absorbed and
a new equilibrium was reached.

Earth as viewed from space is like the steel ball. The energy falling on Earth from the Sun is fairly constant.

At the equator, an average of about 684 joules of energy from the Sun hits each square metre of Earth’s surface
every second; that is, 684 W m~2, where 1 watt is a unit of power or the rate of energy delivery and equals

1 joule per second. This value varies from day to day by as much as 2 W m™2, as well as having an approximate
11-year cycle of a similar magnitude.
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EXTENSION: Milankovitch cycles

Note that this content is useful if you are choosing to study option 2.1 (How does physics explain climate

change?) in Unit 2, Area of Study 2.

While a prisoner of war in World War I, Milutin Milankovi¢ postulated several types of changes in Earth’s
movement around the Sun that could affect the amount of solar radiation Earth receives and its distribution.
These changes can affect climate on a time span of many thousands of years and possibly explain the

occurrence of ice ages. Some of the types of changes include:

e variation in the elliptical shape of Earth’s orbit (eccentricity), with a cycle time of about 413 000 years
* precession of Earth’s axis of rotation; like any spinning top, the axis itself rotates, once every 26 000 years

e the tilt of the axis (obliquity), which ranges from 22° to 24.5° every 41 000 years.

FIGURE 3.25 The variation in solar radiation that Earth is exposed to has changed the climate over tens and
hundreds of thousands of years. These variations explain the ice ages that Earth has experienced in its past,

but do not explain the current global warming.
Obliquity/tilt

22.1°-24.5°

Eccentricity

431000 years 41000 years

Precession

26000 years

All these changes are due to gravitational interactions in the solar system between Earth, the Sun and other
planets. It is thought that these factors may explain the long-term cooling trend that Earth has been in over the
last 6000 years. From the slowness with which these changes occur, none can explain the unprecedented global

warming in recent decades.

The law of conservation of energy states that energy can neither be created nor
destroyed, but only converted from one form of energy to another. For instance, via
photosynthesis, light energy can be converted to chemical energy.

We have seen that Earth’s surface receives a certain amount of solar energy,
depending on the time and place, and that this energy creates heat. If more heat than
is received is radiated back out into space, Earth would cool down, while if less heat
than received is dissipated back into space, Earth would warm up.

Some gases in the atmosphere, such as water vapour (H,O) and carbon dioxide (CO,),
prevent some infrared wavelengths from being radiated back into space, thus trapping
heat and warming our planet. This is the greenhouse effect.

The Stefan—Boltzmann relationship, P « T*, enables the absolute temperature of an
object to be determined if you know how much energy it is radiating. For the

eccentricity a measure of how
elliptical an object’s orbit is
precession a change in direction

of the rotational axis of a spinning
object

obliquity a measure of the angle tilt
of a planet against its plane of orbit
photosynthesis a chemical
reaction, converting light energy into
chemical energy (sugars), that takes
place in the chloroplasts of a plant
cell consuming carbon dioxide and
releasing oxygen as a byproduct

242 W m™ that Earth radiates, this gives a temperature of 255.6 K; that is, —18 °C. This seems incorrect; Earth
is not that cold! What causes the difference between this calculated temperature (which is the temperature of
Earth observed from space) and the temperature we observe at the surface? The explanation is that we ignored

the greenhouse gases in the atmosphere.
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3.5.2 The greenhouse effect

The natural greenhouse effect

While the temperature of the upper atmosphere is —18 °C at an altitude of about 5 km above the surface, the
average surface temperature of Earth nowadays is approximately 15 °C; this is 7 °C warmer than the average
global temperature during the Last Glacial Maximum, which occurred around 20 000 years ago. Our atmosphere
is a crucial protective layer, without which life would not be possible, and with the greenhouse gases it contains
it acts as a ‘warming blanket’.

FIGURE 3.26 Earth’s surface is warmed by a 5 km thick blanket.

Upper atmosphere: -18 °C

Greenhouse blanket of H,O
and CO,

Surface air temperature: 15 °C

Earth

How do water vapour and carbon dioxide act as a blanket to trap heat?

If you shine a broad spectrum of light through a gas, some colours will be absorbed by some molecules and then
subsequently re-emitted, but in a random direction, while the light from the other parts of the spectrum passes
through the gas without a change in direction.

Ultraviolet light has more energy than visible light, which has more energy than infrared light, but none of these
types of radiation are energetic enough to break up molecules. They have only enough energy to stretch, twist
and spin molecules. Molecules with two atoms such as nitrogen (N,) and oxygen (O,) have very strong bonds.
When they absorb ultraviolet light, their bonds stretch. The energy of visible light and infrared radiation is too
low to affect such molecules. This means the two gases are transparent to visible light and infrared.

H,0 and CO, have three atoms in each molecule, so they are more flexible than N, and O,. These molecules
can bend, whereas atoms with only two molecules cannot. When H,O and CO, absorb infrared light, their bonds
stretch and bend. Other molecules with more than two atoms, such as methane (CH,), nitrous oxide (N,O) or
ozone (O3), as well as industrial fluorinated gases, absorb infrared radiation in the same way.

EXTENSION: The ozone layer

Ozone, in the uppermost atmosphere, protects Earth from harmful ultraviolet radiation from the Sun. The
protective benefits from the ozone layer far outweigh its contribution to the greenhouse effect.

Industrial gases such as chlorofluorocarbons (CFCs) and hydrofluorocarbons (HFCs), which are extremely potent

greenhouse gases and can stay in the atmosphere for up to 100 years, were — until relatively recently — used in

refrigerators, aerosols and air-conditioning. Once it became apparent that these gases were destroying the ozone
layer, and in addition were contributing to global warming, they were banned; now there are safe, energy-efficient
alternatives for industrial refrigerants.

Water vapour, carbon dioxide and methane all stretch and bend differently. This means each molecule will
absorb different parts of the infrared spectrum and consequently, all these molecules contribute independently
to the greenhouse effect.
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Once a gas molecule has absorbed infrared radiation coming from Earth’s surface, it re-emits the radiation but,
importantly, in a random direction (see figure 3.27). So, for the gas as a whole, some radiation goes back down
to Earth to increase its temperature and some is directed towards the top of the atmosphere and out into space.
However, other molecules further up in the atmosphere can absorb this radiation and re-emit more back to Earth.
The overall effect is that more than half the radiation emitted by the gas comes back to Earth’s surface.

FIGURE 3.27 Infrared radiation from Earth’s surface is absorbed by greenhouse
gases and re-emitted in all directions.

]
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Enhanced greenhouse effect

Human activities, such as the burning of fossil fuels (coal, oil and natural gas),

. . . . . . enhanced greenhouse effect
agriculture and land clearing, are increasing the concentrations of greenhouse gases in the disruption to Earth’s climate
the atmosphere, especially since the Industrial Revolution. This increase is sometimes equilibrium caused by the release

called the enhanced greenhouse effect (see figure 3.28). of greenhouse gases in the
atmosphere due to human activities,

which leads to an increase in global

Increased carbon dioxide concentration in the atmosphere means that more of the
average surface temperatures

wavelengths that carbon dioxide absorbs will be re-emitted back to Earth, increasing
the temperature of Earth.

FIGURE 3.28 Comparison of the greenhouse effect and the enhanced greenhouse effect

Greenhouse effect Enhanced greenhouse effect

!
{_ Earth
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Our atmosphere is a mixture of gases, with CO,, H,O, N,O, O3 and CH, at low concentrations; thus, much of
the radiation with the wavelengths that would be absorbed and re-emitted by these molecules has a good chance
of passing through without ever hitting one of them. As long as the gases CO,, H,O, N,O, O3 and CH, make
up a very small proportion of the atmosphere, the infrared radiation emitted from Earth’s surface has a good
chance of reaching outer space without being absorbed. However, with increased emissions of CO, and CHy,
interactions are more likely to occur, increasing both the level of radiation reaching Earth and its temperature.

3.5.3 Climate change

Climate change describes a long-term change in the typical weather patterns of Earth’s global, regional and
local climates. Earth’s climates have changed drastically in the past. For instance, nowadays, the Sahara is the
world’s largest hot desert; but around 6000 years ago, the climate there was tropical, and the region was covered
in grasslands and trees. Closer to home, the dried-out mega-lakes and inland seas in the interior of Australia

are clues to a moister past, thousands of years before Australia became the second driest continent in the world
(after Antarctica).

Climate changes — even abrupt changes — are not something new. However, it is now widely accepted that the
recent changes observed in Earth’s climate, and the rate of change, since the start of the Industrial Revolution
are driven by human activities — particularly those increasing the levels of greenhouse gases in the atmosphere
(such as fossil fuel burning) and thus, increasing Earth’s global temperature. This long-term heating of Earth’s
climate as a result of human activities is called global warming.

EXTENSION: The evidence for rapid climate change

FIGURE 3.29 How do we know whether rapid climate change is occurring?

Rise in global
temperature

Ocean Warming
acidification oceans

Increased
number of ) Shrinking ice
extreme W_hat evidence sheets
events is there for
rapid climate
change?
EEhing Glacial
Arctic
. retreat
sea ice

Rise in global Decreased
sea level snow cover

Source: Adapted from https://climate.nasa.gov/evidence/

Impact of water on the climate of Earth

As we have seen previously, water has a high specific heat capacity, meaning that a huge quantity of heat energy
is stored in the water present on Earth. Moreover, liquid water and water vapour are fluids, with convective
properties, and can transfer heat by convection. For instance, ocean convection is the driving force behind the
Gulf Stream and other currents that impact climate patterns worldwide.

TOPIC 3 Thermal energy and its interaction with electromagnetic radiation 107



Additionally, water can be evaporated within the range of temperatures present on Earth, and the vaporisation
of water requires heat, which is taken from the environment, cooling it down. However, water vapour is a
greenhouse gas, and it is estimated that it accounts for around 60 per cent of Earth’s greenhouse effect. The
proportion of water vapour in the atmosphere is dependent upon the temperature of the atmosphere. As the
atmosphere’s temperature increases, so does the proportion of water vapour in it, and the more water vapour is
present in the atmosphere, the more infrared radiation will end up being absorbed and re-emitted back to Earth.
This in turn traps more heat and causes more water to evaporate, in a feedback loop.

The climate system is an extremely complex system made of nested and interlinked sub-systems, which are
also complex. As a result, there are still a lot of unknowns. For instance, the increase of the proportion of water
vapour in the atmosphere could lead to more cloud formation. As clouds reflect sunlight and therefore decrease
the amount of solar energy reaching Earth’s surface, this could produce a negative feedback effect — more
water vapour being added to the atmosphere would lead to a decrease in temperatures and therefore more water
vapour condensing, which in turn would lead to less heat being trapped in the atmosphere globally. However,
locally, the presence of clouds would lead to a stronger greenhouse effect. To illustrate this, you have probably
noticed that temperatures decrease less overnight if it is cloudy than if the night is clear. We still do not know
if those two effects balance out and thus cancel each other out, or if one of them has a stronger effect than the
other. What is known is that we, humans, do not control the water cycle. We are, however, actively increasing
the proportion of other greenhouse gases such as carbon dioxide and methane in the atmosphere, and this can be
controlled, albeit with a lot of effort from everyone.

Carbon dioxide and methane cannot condense at normal temperature and pressure.

Thus, once they are released in the atmosphere, getting them out can be challenging input is fed by fts previous output
and they can stay there for a very long time, as it can take years for methane negative feedback refers to when
molecules in the atmosphere to be oxidised into carbon dioxide and water. Carbon the response to the feedback is in
dioxide, however, can dissolve into the oceans (causing ocean acidification), but the opposite direc“?” to the input
is also consumed by .algae and flora through photosynt}}esis, thus opening ways to f'a:z;'; r:hrz ffggg%”éznaosf:r?;;
combat global warming. So far, we have discussed the impacts of water in its liquid

and gaseous states, but solid water also has an impact on climate. White surfaces such as ice and snow are very

reflective and have a high albedo, while darker surfaces, such as asphalt, have a low albedo and do not reflect

as much light as white surfaces. By absorbing more light energy, darker surfaces tend to be warmer. Hence,

the presence of large expanses of ice and snow (such as glaciers, mountain tops and the ice caps) means that a

portion of the solar energy received is reflected back to space. This ice—albedo feedback plays an important role

as increasing temperatures tend to decrease ice cover, which in turn decreases Earth’s albedo, leading to more

solar energy being absorbed and in turn leading to more warming.

feedback refers to when a system’s

Resources

Video eLesson Albedo (eles-2515)

Scientific principles that underlie climate

The scientific principles that underlie climate have been understood since the nineteenth century. They include:
e Newton’s laws of motion that explain the movement of gases and liquids, such as the existence of high- and
low-pressure regions, the formation of cyclones and the flow of ocean currents
¢ thermodynamics principles that explain heat transfer within the atmosphere, and between the atmosphere,
the oceans and the land
e gas laws and solubility in liquids from chemistry that explain the behaviour of gases within the atmosphere
and their interactions with the oceans.

These principles are known precisely with mathematical relationships, some of which you will come across in
the VCE Physics and VCE Chemistry courses. The development of the computer meant these principles and
their mathematical relationships could be applied to the biggest problem on Earth: Earth itself.
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A climate model is an attempt to apply these relationships to Earth’s whole atmosphere as well as the surface
features of land, ice and sea. The model attempts to calculate aspects of the climate that are important to
humans, such as rainfall and humidity, sea level rise, ocean acidity, wind strength and, of course, air temperature.
Climate models are also able to calculate future trends in these aspects of climate and then investigate the effect
on these trends of changes such as reducing greenhouse gas emissions or aerosol use.

3.5 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

3.5 Quick quiz on 3.5 Exercise u 3.5 Exam questions L

3.5 Exercise

Why doesn’t all of the radiation from the Sun that enters Earth’s atmosphere reach the surface?
Explain what the natural greenhouse effect is.

Explain what the enhanced greenhouse effect is.

Identify the properties of water that cause the variation in climate over Earth’s surface.

In your own words, explain why the enhanced greenhouse effect is a threat to life on Earth.

aplN =

3.5 Exam questions

Question 1 (1 mark)
I3 The enhanced greenhouse effect is a phenomenon that occurs as a result of various human impacts.

One of these is

. overfishing.

. the burning of fossil fuels.
. pollution.

. overpopulation.

OO0 w>»

Question 2 (1 mark)

I Increased levels of greenhouse gases over natural levels means infrared radiation is absorbed
and global temperatures

. more; rise

. more; fall

. less; rise

. less; fall

OO0 w>»

Question 3 (1 mark)

I3 Land clearing and deforestation lead to less plant life and this reduces , which otherwise removes
some carbon dioxide from the atmosphere.

. respiration

. chemosynthesis

. combustion

. photosynthesis

OO0 w>»

Question 4 (5 marks)
Name the five most influential greenhouse gases.

Question 5 (3 marks)
Explain how the energy of incoming sunlight is trapped by the greenhouse effect to heat up the atmosphere.

More exam questions are available in your learnON title.
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3.6 Review

3.6.1 Topic summary

———

—>

Thermal energy and its
interaction with

electromagnetic
radiation

L

Explaining heat
using the kinetic
theory

Transferring heat

Specific heat

All matter is made up of
particles in constant,

Kinetic theory | | random and rapid motion Effect of energy
of matter on a substance
There is space between
the particles
Translational
kinetic energy
Rotational
Internal kinetic energy
energy
Vibrational
kinetic energy
Potential
energy
Measure of the average
translational kinetic energy
of the atoms and molecules
Temperature in a substance Celsius
scale
Temperature
scales
Kelvin scale
Through a substance by
Conduction collisions between Metals aze good heat
adjacent particles conductors
. Through a fluid by the movement Hotter material is less
Convection of particles between regions of dense than
different temperature colder material
. At the speed of light
Radiation Presence of particles c=3x108msT)ina
not required
vacuum

¢ = amount of energy required to increase
the temperature of 1 kilogram of
the substance by 1 °C or 1 K

Quantity of energy, Q, transferred to or
from a substance in order to change its

——— > climate change and

Capeely temperature: Q = mc AT
Latent heat, L, of a substance = amount
of energy required to change the state
of 1 kilogram of the substance
from solid to liquid or liquid to gas: Q = mL
. Water vapour (H,0)
Main greenhouse Carbon dioxide (CO,)
gases Methane (CHy)
High specific heat capacity
and Convective properties
Water’s impact
on climate
Can evaporate,
Understanding condense or solidify
global warming
Enhanced Increase of greenhouse

Absorbed infrared radiation
re-emitted in all directions

Effective heat transfer

Impacts cloud, ice and snow
covers, thus Earth’s albedo

greenhouse effect

gases in our atmosphere

Climate models

Based on thermodynamics, on
chemistry of gases and liquids
and on motion
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feedback and access additional results and
sample responses questions progress

3

1.

2.

.6 Review questions

Why can’t you put your hand on your own forehead to estimate your body temperature?

If today’s maximum temperature was 14 °C and tomorrow’s maximum temperature is expected to be 28 °C,
will tomorrow be twice as hot? Explain your answer. (Hint: Recall the relation between temperature and the
average kinetic energy of particles.)

. Explain, with the aid of a well-labelled diagram, how convection occurs in a liquid that is being heated from
below.

. Boiling water at 100 °C is poured into a ceramic coffee cup at 23 °C. After a while they are both at 77 °C.

The two materials are at

A. kinetic equilibrium. B. thermal equilibrium.

C. potential equilibrium. D. internal energy balance.
. Heat is a transfer of energy and is measured in

A. kelvin (K). B. calories (C).

C. joules (J). D. degrees Celsius (°C).

. Why do conventional ovens without fans have heating elements at the bottom? What is the advantage
of having an oven with a fan?
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7. In hot weather, sweat evaporates from the skin.

a. Where does the energy required to evaporate the sweat come from?
b. Why do you feel cooler if there is a breeze?
c. Why is the cooling effect greatly reduced if the weather is humid rather than dry?

8. Explain why metals are better conductors of heat than liquids, and why liquids are better conductors of heat
than gases.

9. Give an example of positive feedback and an example of negative feedback in a system such as Earth’s
climate.

10. Explain what ice—albedo feedback is.

3.6 Exam questions

Section A — Multiple choice questions ‘

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Which of the following is correct in relation to the kinetic theory of matter?

A. It states that all matter is made up of a large number of small particles.
B. It can be used to explain the process of convection and conduction.
C. ltis needed to explain absolute zero.

D. All of the above

Question 2

What is the internal energy of a substance?

A. The sum of all energy contained within the matter of that substance, including kinetic and potential energy
B. The sum of all kinetic energy in a substance

C. The sum of all the translational kinetic energy in a substance

D. The average of all the translational kinetic energy in a substance

Question 3

What is temperature a measure of?

A. The average of all energy contained within the matter of that substance, including kinetic and potential energy
B. The sum of all kinetic energy in a substance

C. The sum of all the translational kinetic energy in a substance

D. The average of all the translational kinetic energy in a substance

Question 4

The Kelvin scale is a temperature measure based on which of the following?

A. The temperature of the human body

B. The temperatures of when water boils and when it freezes
C. Absolute zero, when all particle movement stops

D. The temperature of the North Pole at midday in summer
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Question 5

How is heat best described?

A. ltis when a material gets hot.

B. It is the energy transferred as a result of temperature difference.
C. ltis the energy inside matter.

D. ltis the translational kinetic energy of an object.

Question 6

For two substances to reach thermal equilibrium, which of the following must they have?
A. The same internal energy

B. The same kinetic energy

C. The same translational kinetic energy

D. None of the above

Question 7

What is the specific heat capacity a measure of?

A. How much internal energy a substance can hold

B. How much energy is required to raise the temperature of 1 kilogram of a substance by 1 °C

C. How much energy is required to raise the temperature of 1 kilogram of a substance by 100 °C

D. The temperature change for 1 kilogram of a substance when its internal energy has increased by 1 J

Question 8

When the cooling curve of wax is examined, a flat section on the graph is found.

This section is due to which of the following?

A. A pause in energy reaching the system, causing no temperature change

B. The wax changing from a solid to a liquid and consuming extra energy without a temperature change
C. A fault in the measuring equipment, as this type of flat section would never occur

D. The wax changing state from liquid to solid, releasing extra energy without a temperature change

Question 9

Which of the following is not a feature that influences climate change on Earth?
A. The seasons

B. The properties of water

C. The tilt of Earth’s axis

D. The geological features (land mass and oceans)

Question 10

On a warm sunny day, the Sun’s radiation melts very little snow on the slopes of an alpine ski resort.
This is because

A. snow, being a solid, is not affected by radiant heat.

B. the snow particles are unable to transfer the translational kinetic energy and so cannot warm up.
C. snow is a type of water and due to its high latent heat capacity does not melt easily.

D. the white snow reflects up to 90 per cent of the radiant energy of the Sun.
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Section B — Short answer questions

Question 11 (3 marks)

An 800 g rubber hot-water bottle that has been stored at a room temperature of 15 °C is filled with 1.5 kg of water
at a temperature of 80 °C. Before being placed in a cold bed, thermal equilibrium between the rubber and water is
reached.

What is the common temperature of the rubber and water at this time? (Assume that no energy is lost to the
surroundings. The specific heat capacity of rubber is 1700 J kg™ K™'. The specific heat capacity of water is
4200 J kg™t K1)

Question 12 (3 marks)

How much energy does it take to completely convert 2.0 kg of ice at —=5.0 °C into steam at 100 °C? (Assume that
no energy is lost to the surroundings.)

Question 13 (2 marks)

Explain, in terms of the kinetic particle model, why you can put your hand safely in a 300 °C oven for a few
seconds, while if you touch a metal tray in the same oven your hand will be burned.

Question 14 (5 marks)

The specific heat capacity of water is over four times that of sand.

a. What effect does this have on the heating and cooling of water and sand? (1 mark)

b. Explain why, on a hot day, sand is too hot to stand on in bare feet, while the water in the sea can be too cold
for some people. (2 marks)

c. Why is the temperature of the sand of an inland desert almost always greater than that of the sand on a beach
at the same latitude? (2 marks)

Question 15 (2 marks)

In the tropical regions of Earth, more radiant energy is received from space than is lost. At the poles, more radiant
energy is lost than is received. This would suggest that average temperatures in the tropics should be continually
increasing, while the average temperatures at the poles should be continually decreasing.

Explain why this doesn’t happen.

Hey teachers! Create custom assignments for this topic

i? Create and assign Access quarantined :_— Track your
v ° unique tests and exams tests and assessments *u students’ results

Find all this and MORE in jacPLUS C)
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UNIT 1 | AREA OF STUDY 1 REVIEW

AREA OF STUDY 1 How are light and heat
explained?

OUTCOME 1

Model, investigate and evaluate the wave-like nature of light, thermal energy and the emission and absorption of
light by matter.

PRACTICE EXAMINATION

| secion | Numborofauestons | Numberofmarks
A
B

20 20
6 20
Total 40

Duration: 50 minutes

Information:
e This practice examination consists of two parts. You must answer all question sections.
e Pens, pencils, highlighters, erasers, rulers and a scientific calculator are permitted.
* You may use the VCAA Physics formula sheet for this task.

Resources

Weblink VCAA Physics formula sheet

Additional practice examination information

Specific heat capacities Water 4.2 x 10% J kg™ K
Aluminium 0.92 x 10° J kg™ K™

Specific latent heat of fusion Water 3.3 x 10° J kg™

Specific latent heat of vaporisation Water 2.3 x 10° J kg™

Refractive index of air 1.00

Refractive index of water 1.33

Speed of light in a vacuum 3.0x108 ms™

Wien’s constant 2.90x10° mK
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SECTION A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

1. The average kinetic energy of atoms and molecules are given by which of the following?
A. Their temperature
B. The heat input into them
C. Their work output
D. The heat output from them
2. The freezing point of water could be represented by which of the following?
A. OK
B. 0°F
C. 273.15°C
D. 273.15K
3. The two graphs below record the motion of a wave in water.

Displacement-time graph

Displacement (m)
o

1 3 4 5
-1
2
-3
Time (s)
Displacement-distance graph
3 -
2 u

Displacement (m)
o

-3-

Distance (m)

Using the information from the graphs, which of the following statements is correct?
A The period of the wave is 3 s.

B The wavelength of the wave is 3 m.

C The speed of propagation of the wave is 0.625 m s,

D The frequency of the wave is 25 Hz.
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4,

10.

A ray of light moving through water enters a plastic block at an angle of incidence of 40°. The angle of
refraction is 30°.
What is the refractive index of the plastic?

A 1.08

B 1.29

Cc 1.7

D 1.77

Which of the following is correct when comparing particles in a gas with those in a liquid?

A. They are closer together and more energetic in a gas.

B. They are further apart and less energetic in a gas.

C. They are closer together and less energetic in a liquid.

D. They are further apart and more energetic in a liquid.

Water and aluminium, each with a mass of 1 kg, are placed in their own insulated containers. Initially, they are
both at the same temperature and are each heated by 1 kJ.

Assuming the heat is evenly distributed across each mass, which of the following statements is correct about
their final temperatures?

A. The final temperatures of both water and aluminium are the same.

B. The final temperature of the water is lower than that of the aluminium.

C. The final temperature of the water is higher than that of the aluminium.

D. There is insufficient information to conclude about their final temperatures.

The latent heat of fusion, denoted by the symbol L, is the amount of energy required to transform the state of
1 kg of a substance from solid to liquid, and vice versa.
Which of the following could be used as a unit for L?

A. J kg
B. Jkg

c.Jm?
D. Jkg™'

. Meena would like to raise the temperature of a 2.2-kg bar of aluminium from 22 °C to 44 °C.

What is the amount of energy, in kJ, required to achieve this (assuming 100% efficiency)?
A. 4.45kJ
B. 8.90 kJ
C. 445kJ
D. 89.0 kJ

. An electric kettle supplies 67 kJ of thermal energy to 750 mL of water at an initial temperature of 18 °C.

Determine the final temperature of the water, assuming that all the thermal energy is transferred into
the water.

A. 21.3°C

B. 34 °C

C. 37.3°C

D. 39.3°C

How much energy, in MJ, is liberated when 1.3 kg of steam condenses into water at 100 °C?
A. 0.43MJ

B. 2.3 MJ
C. 3MJ
D. 43 MJ
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11.

12,

13.

14.

15.

16.

17.

At the Mawson Antarctic Research station, an electric heater supplies 37 GJ of energy to melt ice to produce
water for consumption by the scientists there.
How much water, in kg, at 0 °C would be produced by this amount of energy?

A. 1.12 x 10* kg
B. 1.12 x 10° kg
C. 1.12 x 10% kg
D. 1.12 x 107 kg

An electric hotplate with a temperature of 750 K emits 1200 W of thermal energy.
What is the expected power emitted if the filament temperature is doubled to 1500 K?

A. 12000 W

B. 19200 W

C. 24 000 W

D. 29200 W

Thermite is a reaction between aluminium powder and iron oxide, which generates temperatures of
about 2200 °C.

What is the wavelength of the radiation emitted by thermite?
A. 1.32x10°m

B. 1.17x10°m

C. 1.32x10°%m

D. 1.17x10°%m

A pyrometer is a device that senses temperature from the radiation emitted from a surface. One such device
detected a peak radiation of 6.5 ym from an object.
What is the surface temperature of the object?

A. 173°C
B. 273 °C
C. 346 °C
D. 446 °C

A ray of light moving through air enters a block of an unknown transparent material at an angle of incidence
of 50.0°. The angle of refraction is measured to be 31.6°.
The speed of light in this material is closest to

A. 1.90 x 10® ms™.

B. 2.03x 108 ms™".

C. 1.54 x 108 ms™".

D. 3.0x 10® ms™".

Which group of atmospheric gases contains only greenhouse gases?
A. Carbon dioxide, water vapour, methane, argon
B. Oxygen, nitrogen, methane, carbon dioxide

C. Nitrous oxide, ozone, chlorofluorocarbon

D. Methane, water vapour, carbon dioxide, neon
A mirage happens when

A. the air is hot and the ground is very cool.

B. both the air and the ground are very hot.

C. the ground is slightly cooler than the air.

D. the ground is very hot and the air is cool.
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A.
B.
C.

D.

A.
B.
C.
D.

A.

B.
C.
D.

18. Which of the following is an example of a positive feedback mechanism that enhances the effect of global
warming on climate change?

Rising ocean temperatures increase evaporation, which condenses into clouds to reflect the incoming
solar radiation.

Rising ocean temperatures increase evaporation, which increases the amount of water vapour, a
greenhouse gas.

Rising ocean temperatures disrupt the natural flow of ocean currents to transfer heat from the tropical
regions to the polar regions, resulting in a new ice age.

Rising ocean temperatures increase evaporation, which creates a humid greenhouse-like condition, which
absorbs even more solar radiation.

19. What is the mechanism for heat transfer in convection?

Vibrational transfer of kinetic energy

Emission of electromagnetic radiation

More energetic particles colliding with less energetic particles
Movement of fluid due to differences in buoyancy

20. Greenhouse gases such as methane (CH,) and carbon dioxide (CO,) absorb infrared radiation emitted from
the surface of Earth, unlike gases such as oxygen (O,) or nitrogen (N,).
What is this absorption of infrared radiation due to?

These compounds contain a carbon atom, hence the term ‘carbon pollution’.

Molecules with three or more atoms bend and stretch, and can better absorb infrared radiation.
There is a higher number of atoms in those molecules.

Compounds absorb infrared radiation better than pure elements such as oxygen or nitrogen.

SECTION B — Short answer questions ‘

Question 21 (5 marks)

A small piece of beef and a small piece of chicken are placed in an oven, each with a meat thermometer stuck
into it to measure the temperature at its centre. After 30 minutes in the oven the thermometer in the chicken
indicated the temperature to be 100 °C. After a further 30 minutes, the thermometer in the beef indicated the
temperature at its centre to also be 100 °C. They remained in the oven to cook for a further 60 minutes. During
this period, the thermometers steadily indicated 100 °C.

a. The piece of beef and the piece of chicken could be said to be at thermal equilibrium after this time.
By referring to the kinetic theory of matter, explain what is meant by ‘thermal equilibrium’. (2 marks)
b. Discuss why it may be possible to estimate the temperature of the air in the oven near these two masses of
meat, even if the oven does not have a thermometer. Hence, give an estimate of the temperature of the air in
the oven near these two masses of meat. (3 marks)

Question 22 (3 marks)

a. The peak wavelength of our Sun is approximately A, = 501.7 nm.

Determine its surface temperature to the nearest kelvin. (1 mark)
b. Name the process by which heat from the Sun is transferred to Earth through space. (1 mark)
c. The Sun’s core is hotter than its surface and hot plasma from the core rises towards the surface.

This is an illustration of which transfer of heat process? (1 mark)
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Question 23 (4 marks)

Anton is carrying out an experiment to determine the quantity of aluminium rivets with an initial temperature of
23 °C required to cool 250 grams of boiling water at 100 °C inside an insulated container. Assuming the
experiment was carried out with negligible heat loss, both the aluminium rivets and the water will reach thermal
equilibrium at 90 °C.

a. Calculate the magnitude of heat lost by the water to the aluminium as it cools from 100 °C to the equilibrium
temperature of 90 °C. (2 marks)
b. The amount of heat lost by the water is the heat gained by the aluminium.
Determine the mass of aluminium rivets as it warmed up from the initial temperature of 23 °C to the equilibrium
temperature of 90 °C. (2 marks)

Question 24 (2 marks)

Kym and Shan are observing light emitted from different light-emitting diodes (LED). One of the LEDs emitted light
at twice the electromagnetic radiation frequency of another LED. Kym said: ‘According to Wien’s Law, if the
electromagnetic radiation frequency of one LED is twice that of the other, it would also be at twice the absolute
temperature of the other.’

Shan disagrees.

What explanation might Shan offer to show that Kym is incorrect?

Question 25 (2 marks)

Habib’s electric barbeque radiates 2250 W of energy when the heating element is at a temperature of 850 °C.
What is the expected power output when the heating element is at a temperature of 900 °C?

Question 26 (4 marks)

Identify each of the four types of electromagnetic waves with the wavelengths listed in the table.

Wavelength (m) Electromagnetic wave type

a.1.0x 107"
b. 1.0 x 1072
c.1.0 x 10*
d.1.0x 1078
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UNIT 1 | AREA OF STUDY 1
PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — A REPORT ON A SELECTED SCIENTIFIC PHENOMENON

In this task, you will be required to report on the
phenomenon of the greenhouse effect, linking this to
thermodynamic principles.

® This practice SAC requires you to write a report; a structured

Total time: 50 minutes (5 minutes reading and 45 minutes writing)

® You may use the VCAA Physics formula sheet and a scientific

® You may conduct research before commencing your write-up

set of questions is supplied to assist you to write your report.
calculator for this task.

to assist you in this task.

Total marks: 30 marks

A WORLDWIDE CRISIS — THE IMPACT OF THE GREENHOUSE EFFECT

Humans have a dramatic impact on the environment and unfortunately it is often a detrimental one. From
deforestation to pollution, the environment is being continually affected, creating huge scientific and ecological
problems.

Since the Industrial Revolution, human impact on increasing greenhouse gases has been particularly evident, and
has lead to global warming and damage to ecosystems around the world. In Australia, the Great Barrier Reef has
been significantly affected by coral bleaching caused by this global warming.

Write a report with reference to the following concepts. You should use subheadings to clearly frame your
response.

1.
2.

3.

Identify and describe the types of electromagnetic radiation emitted from the Sun.

Explain the roles of conduction, convection and radiation in moving heat around in Earth’s mantle and surface,

and its atmosphere. Identify which of these is most important in contributing to the greenhouse effect.

Provide background information on the greenhouse effect, with a clear link to global warming using

thermodynamic principles.

Explain how greenhouse gases absorb and re-emit infrared radiation, and describe why different greenhouse

gases are involved.

Clearly describe the evidence of the effect of human activity in creating an enhanced greenhouse effect.

Describe how you would collect evidence on the enhanced greenhouse effect, explaining how you can ensure

reliability and validity while minimising uncertainty.

Apply thermodynamic principles to investigate one of the following issues (using evidence and data) related to

the impacts of human activity on the enhanced greenhouse effect. In your response, you need to show a clear

link to theory and describe how it may have an impact on the greenhouse effect. You should also suggest

solutions that can help minimise the enhanced greenhouse effect for your given issue.

® Proportion of national energy use due to heating and cooling of homes

e Comparison of the operation and efficiencies of domestic heating and cooling systems: heat pumps,
resistive heaters, reverse-cycle air conditioners, evaporative coolers, solar hot-water systems and/or
electrical resistive hot-water systems

® Possibility of homes being built that do not require any active heating or cooling at all

® Use of thermal imaging and infrared thermography in locating heating losses in buildings and/or system
malfunctions; cost savings implications
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® Determination of the energy ratings of home appliances and fittings: insulation, double glazing, window size,
light bulbs and/or electrical gadgets, appliances or machines

* Cooking alternatives: appliance options (microwave, convection, induction), fuel options (gas, electricity,
solar, fossil fuel)

* Automobile efficiencies: fuel options (diesel petrol, LPG and electric), air delivery options (naturally
aspirated, supercharged and turbocharged) and fuel delivery options (common rail, direct injection and
fuel injection)

Resources

Digital document School-assessed coursework (doc-38058)
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AREA OF STUDY 2 HOW IS ENERGY FROM THE NUCLEUS UTILISED?

Radiation from the nucleus
4 and nuclear energy

KEY KNOWLEDGE

In this topic, you will:
® explain nuclear stability with reference to the forces in the nucleus including electrostatic

forces, the strong nuclear force and the weak nuclear force
model radioactive decay as random decay with a particular half-life, including mathematical
modelling with reference to whole half-lives
describe the properties of «, 57, 8+ and y radiation
explain nuclear transformations using decay equations involving o, 3=, 8* and y radiation
analyse decay series diagrams with reference to type of decay and stability of isotopes
explain the effects of «, 8 and y radiation on humans, including:
o different capacities to cause cell damage
« short- and long-term effects of low and high doses
e ionising impacts of radioactive sources outside and inside the body
» calculations of absorbed dose (gray), equivalent dose (sievert) and effective dose (sievert)
evaluate the use of medical radioisotopes in therapy including the effects on healthy and
damaged tissues and cells
explain, qualitatively, nuclear energy as energy resulting from the conversion of mass
explain fission chain reactions including:
« the effect of mass and shape on criticality
e neutron absorption and moderation
compare the processes of nuclear fusion and nuclear fission
explain, using a binding energy curve, why both fusion and fission are reactions that release
energy
investigate the viability of nuclear energy as an energy source for Australia.

Source: VCE Physics Study Design (2023-2027) extracts © VCAA,; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led videos, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access exam-style questions and their video solutions in every lesson, to ensure you
are ready.

S,



4.1 Overview

Hey students! Bring these pages to life online AN an
Watch Engage with Answer questions ',) 9
videos interactivities and check results /°

Find all this and MORE in jacPLUS C)

4.1.1 Introduction

The nucleus was first described in 1911 by Ernest

Rutherford. Earlier discoveries, such as x-rays in o
Y observatory is situated 1000 metres underground to

1895 by.Wllhelm Rontgen, radloz.lct1v1.ty in 1896 insulate it from other subatomic particles. Neutrinos are
by Henri Becquerel, and new radioactive elements incredibly difficult to detect, with observatories such as
in 1898 by Marie and Pierre Curie, were both Super-Kamiokande detecting only a handful each month.
explained and made possible by the nuclear model

of the atom developed by Rutherford.

FIGURE 4.1 The Super-Kamiokande neutrino

By investigating how the energy from the nucleus
is used, you will be better armed to identify some
of the major challenges we face, whether they be
scientific, economic, technological, environmental
or medical. You will build on your understanding
of how the processes of fusion and fission relate
to energy production and learn about the effect of
radiation on the human body.

LEARNING SEQUENCE

AT OVEIVIEW ... 22122282 e et 124
4.2 Nuclear stability and nuclear radiation ... 125
4.3 Types Of NUCIEAr rAdIi@tiON .........cc.cooviiiiiiice bbb 132
4.4 Radiation and the NUMAN DOAY ..o 143

4.5 ENEIGY FrOM MIESS ..ottt 152
4.6 ENergy from the NUCIBUS ... 157
4.7 FiSSION Ch@IN FEACTIONS ...ttt 166
A8 REVIEBW ..ottt ettt 173
Resources
Solutions Solutions — Topic 4 (sol-0790)

Practical investigation eLogbook Practical investigation eLogbook — Topic 4 (elog-1573)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 4 (doc-36957)
Key ideas summary — Topic 4 (doc-36958)

Exam question booklet Exam question booklet — Topic 4 (eqb-0072)
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4.2 Nuclear stability and nuclear radiation

KEY KNOWLEDGE

¢ Explain nuclear stability with reference to the forces in the nucleus including electrostatic forces, the strong
nuclear force and the weak nuclear force

* Model radioactive decay as random decay with a particular half-life, including mathematical modelling with
reference to whole half-lives

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

4.2.1 Atoms and isotopes

Nuclear radiation, as the name suggests, is radiation emitted from the nucleus of an atom. In order to explain the
mechanisms that release such radiation, it is important to understand a little about the structure of the atom.

Atoms

All matter is made up of atoms. Each atom consists of a tightly

packed, positively charged centre called the nucleus, which is Al il= e 2y SalE i) @) iglee!

. atom
surrounded by a ‘cloud’ of negatively charged electrons. The
particles in the nucleus are known collectively as nucleons, but Proton
there are two different types — protons and neutrons. Protons (positive)

are positively charged, neutrons are chargeless, and both are

about 2000 times heavier than the electrons that surround the Electron
nucleus, with the neutron having marginally more mass than / cloud
the proton.
Nucleus o

Scientists name atoms according to their atomic number, which
is the number of protons in the nucleus. For example, all atoms
with six protons are called carbon, all atoms with 11 protons are o
called sodium, and all atoms with 92 protons are called uranium. \
A substance consisting of atoms that all have the same name is Electron

. Neutron (negative)
called an element. Each element’s name has its own shorthand (neutral)
symbol that scientists use. Carbon has the symbol ‘C’, sodium
‘Na’ and uranium ‘U’. It is very important that the upper- or
lowercase of the letters used in the symbols is kept the same.
The names of all the elements, and their symbols, can be found
in the periodic table in figure 4.3.
Isotopes
Not all atoms of the same name (and therefore atoms having the same number 2;?:]6:; ;?ee :gg g?ﬂtsr?njsasnis
of protons) exhibit the same number of neutrons. For instance, it is possible to concentrated
find carbon atoms with six, seven and eight neutrons in the nucleus along with nucleon a particle found in the
the six protons that make it carbon. These different forms of an element are called nucleus — proton or neutron
isotopes. To avoid confusion about which isotope is being referred to, scientists i:;’g;:‘st :nslyllj?;t:trz)crssﬂ:)?tthe
have a few standard ways of writing them. The number of nucleons, or mass A —
number, of the particular isotope is used. The isotope of carbon with six protons isotope an atom containing the
and six neutrons is written as carbon-12 or '2C, whereas the isotope of carbon same number of protons but a

with eight neutrons is written as carbon-14 or '*C. Sometimes the number of GRS ML SCHS @ TENHenS

protons, or atomic number, is written directly underneath the mass number,

.. 14 nucleons in an atom
although this is not necessary (for example, *;C).

atomic number the number of
protons in a nucleus
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SAMPLE PROBLEM 1 Identifying an isotope
tlvd-3742

Werite the name of the isotope of an atom with 90 protons and 144 neutrons.

THINK WRITE

1. What element has 90 protons? Checking the periodic table, the element thorium
(symbol Th, atomic number 90) has 90 protons.

2. What is the mass number of this isotope? 90+ 144 = 234

3. Write the name of the isotope. The isotope of an atom with 90 protons and

144 neutrons is thorium-234 or 23*Th.

PRACTICE PROBLEM 1

What is the name of the isotope of an atom with 26 protons and 30 neutrons?

What holds the nucleus together? :
electrostatic force the force

The force that holds electrons around a nucleus is called an electrostatic force. between two stationary charged
. . . objects

Electrostatic forces increase as charges move closer together. Electrostatic

. ists b like ch el . Isi ists b strong nuclear force the
a.ttracuon exists ; etween unlike charges; e ec.tfostatm repulsion exists between attractive force that holds
like charges. So it seems strange that the positive charges inside a nucleus don’t nucleons together in a nucleus
repel each other so strongly that the nucleus splits apart. In fact, two protons do of an atom, acting over only very
repel each other when they are brought together, but in the nucleus they are so short distances
close to each other that the force of repulsion is overcome by an even stronger
force — the strong nuclear force. This is an attractive force binding the protons and neutrons in the nucleus
of an atom. While the strong nuclear force is a very strong force, it can act over incredibly small distances only
(1015 m). Inside a nucleus, the nucleons are sufficiently close that the pull of the strong nuclear force is much
greater than the push of the protons repelling each other, and therefore the nucleus remains intact. Figure 4.4
shows how the strength and sense of the strong nuclear force changes with the separation of the nucleons.
Its ability to hold two nucleons together is strongest at around 1 x 10~!> metres but is virtually zero at about
2.5 times this distance. Thus, this very strong force of attraction occurs over a relatively short range within
the nucleus.

FIGURE 4.4 How the strong nuclear force between two nucleons varies with the separation of the nucleons

Repulsion

\ | \ ‘ Separation of nucleons
1 2 3 4 (10-1°m)

Force between nucleons

Attraction
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Unstable nuclei

Some nuclei are unstable. Isotopes that contain unstable nuclei are called radioisotopes. Unstable isotopes can
emit various types of radiations. The reason that some nuclei are unstable can be explained by considering the
interaction of the nucleons with the fundamental forces.

Though the strong nuclear force acts over very short distances only, the electromagnetic force continues to act
with decreasing strength as the distance between charged particles increases. This is one reason that many nuclei
are unstable. In a large nucleus, the net effect of all the protons in the nucleus results in an electrostatic repulsion
on some protons greater than the strong force holding those protons in the nucleus. This nucleus is unstable

and cannot remain like this forever. This explains why the number of neutrons in large atoms is greater than the
number of protons; neutrons are chargeless, so do not contribute to the electromagnetic repulsion. This trend is
apparent in figure 4.5.

FIGURE 4.5 This graph shows which nuclei are stable (green) and which are unstable (other).
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The weak nuclear force and the gravitational force are not significant in determining

. . . . radioisotope an unstable isotope
the stability of nuclei as they are comparatively weak over the distance of nucleon P P

weak nuclear force the force

separation. that explains the transformation
X L. X . of neutrons into protons, and vice
In order to become more stable, the nucleus in a radioisotope emits different types S —

of nuclear radiation that increase the stability of the nucleus. The different types of
radiation will be explained in subtopic 4.3.
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TABLE 4.1 Types of forces, their relative strengths and ranges

Force Strength Range Type
Strong nuclear 1 107"® m (diameter of a nucleus) Attractive

1
Electric and magnetic E Infinite Attractive or repulsive

1
Weak nuclear _ 1078 m (fraction of proton diameter) Attractive

1 000 000

1

Gravity — Infinite Attractive
10%

SAMPLE PROBLEM 2 Explaining nuclear stability
tlvd-3743

The existence of nuclei larger than a single proton depends on forces holding neutrons and protons
together. Describe the nature of this force.

THINK WRITE
1. A nucleus larger than a proton includes protons There is an attractive force called the strong nuclear
and neutrons that are somehow held together.  force that acts between protons and neutrons.

2. Protons repel each other as they have like The strong nuclear force can only hold a nucleus
charge. together when it is stronger than the electromagnetic
force pushing the protons apart.

3. Describe the nature of the force. The force holding protons and neutrons together to
form nuclei must be an attractive force that works
between neutrons and protons and is stronger than the
electromagnetic force at close range.

PRACTICE PROBLEM 2

A helium-3 nucleus has two protons and one neutron. Describe the forces acting within it.

4.2.2 Half-life

It is not possible to predict exactly when a given unstable nucleus will decay, as . ,

.. . . . half-life the time taken for half
this is a spontaneous eyent unaffected py any physu.:aI or chemical 1nﬂpen.ces. of a group of unstable nuclei to
However, we can predict what proportion of a certain number of nuclei will decay decay
in a given time. It is rather like tossing a coin. We can’t be sure that a given toss decay curve a graph of the
will result in a tail but we can predict that from 1000 tosses about 500 will result Al et PuEE sl
. ils. Scientists k hat it will take 24 d for half of £ bl in a substance versus the
n ta.1 S. dcientists .now that 1t will ta 1.3 : ays for ha : of a group of unstable time elapsed:; the half-life of a
thorium-234 nuclei to decay to protactinium-234. The time taken for half a group substance can be determined
of unstable nuclei to decay is called the half-life. Half-lives vary according to the by looking at the time that
isotope that is decaying. They range from trillionths of a nanosecond to thousands corresponds to half of the

e . _ substance remaining
of millions of years, as illustrated in table 4.2.

Mathematicians and scientists often use graphs with the same basic shape as the
one in figure 4.6. It shows what is known as a decay curve. This type of curve
often appears in science. It is called exponential decay.
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tivd-0056

TABLE 4.2 Table of half-lives of some radioisotopes

Element Half-life

Tellurium-128

2.2 x 10?* years

Indium-115

6 x 10" years

Potassium-40

1.3 x 10° years

Uranium-235 7.1 x 108 years
Plutonium-239 24 110 years
Carbon-14 5730 years
Radium-226 1600 years
Actinium-227 22 years
Thorium-227 18 days
Carbon-11 20 minutes
Thallium-207 4.8 minutes
Magnesium-23 11 seconds

Polonium-212

3 x 1077 seconds

Lithium-5

304 x 1072 seconds

Looking at figure 4.6, in the first few days the number of
atoms decaying every day is quite high but towards the end
the number is quite low. If there was a Geiger counter near
the source at the beginning, it would be clicking quickly,
but near the end you would wait days for the next click.

In fact, a graph of the count rate (the number of clicks

per second) will have exactly the same shape and will
show the same half-life. The number of decays per second
of a radioactive source is a measure of its activity and is
measured in becquerels (Bq).

TABLE 4.3 Activities of some everyday items

Item | Activity (Bq)
1 adult human 3000
1 kg coffee 1000
1 kg granite 1000
1 kg coal ash (used in cement) 2000
1 kg superphosphate fertiliser 5000

FIGURE 4.6 Graph showing decay of 1000
thorium-234 nuclei. The time taken for half

of the original nuclei (500 nuclei) to remain is
called the half-life. It can be seen from this
graph that the half-life is 24 days. After the
fourth half-life (at time = 96 days) it can be
predicted that one-sixteenth of the thorium-234
(about 62 or 63 nuclei) would remain

undecayed.
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SAMPLE PROBLEM 3 Calculations involving half-lives

Technetium-99 is often used for medical diagnosis. It has a half-life of 6 hours. A patient has a small
amount of the isotope injected into the bloodstream. What fraction of the original amount will remain

after:
a. 12 hours
b. 48 hours?
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THINK

a. 1. How many half-lives have passed?

2. How much would be left after halving it that
many times?
3. State the solution.

. How many half-lives have passed?
2. How much would be left after halving it that
many times?

3. State the solution.

WRITE

a. % =2 half-lives

11 1\ 1
—-X—-=1 = —
2 2 2 4
One-quarter would be left after 12 hours.

b. % = 8 half-lives

nN'_ 1
2 256

L would be left after 48 hours.

PRACTICE PROBLEM 3

Cobalt-60 is radioactive with a half-life of 5.27 years. It is produced from cobalt-59 by bombardment
with neutrons at a nuclear reactor. It emits a low-energy beta particle followed by two high-energy
gamma rays. It is used in the sterilisation of medical equipment, in radiotherapy and in industrial
applications. A cobalt-60 source will need to be replaced when its activity decreases to % of its initial

value. How long will this take?

4.2 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
4.2 Quick quiz 4.2 Exercise u 4.2 Exam questions L

4.2 Exercise

-

. Name the isotope that has an atomic number of 11 and contains 12 neutrons.

2. How many protons and neutrons are there in one atom of each of the following isotopes?

a. Hydrogen-2, also known as deuterium
b. Americium-241
c. Europium-164

S

What force acts between a proton and a neutron and under what conditions does it act?

The half-life of caesium-134 is 2.06 years. What fraction of caesium is left after 10.3 years?

What is meant when an isotope is described to be stable?

If the strong nuclear force acts between all nucleons and is much stronger than the electromagnetic force at

the distance of two neighbouring nucleons in a nucleus, explain how a nucleus might be unstable.

5

What is the half-life of the isotope?

o2

100 grams of a radioactive isotope is delivered to a hospital. Three hours later there is only 6.25 grams left.

Sketch a graph of the decay of the isotope in question 7.

9. Why are half-lives used for radioactive isotopes rather than just stating how long they take to decay?
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10. The activity (decays per second) of a radioactive isotope halves with each half-life. Explain why that would
be the case.

11. You need 20 grams of a radioactive isotope with a half-life of 3 hours. How much would you need to buy if it
takes 24 hours to deliver it?

4.2 Exam questions

Question 1 (1 mark)

T What is the atomic number (2) of an element?

The number of neutrons in the nucleus

The number of nucleons in the nucleus

The number of protons in the nucleus

The total number of nucleons and electrons in the atom

OCowm>

Question 2 (1 mark)

T Which of the following best describes all the isotopes of an element?
Same number of protons; different number of neutrons

Same number of neutrons; different number of protons

Same number of nucleons; different number of protons

Same number of nucleons; different number of neutrons

Cow>

Question 3 (1 mark)
[T A radioactive element has a half-life of 6.0 days. A sample of this material initially contains 12 400 nuclei.

How many radioactive nuclei are remaining after 12 days?
6200

3100

1550

775

Oowm>

Question 4 (3 marks)
A radioactive source has a half-life of 50 years. It currently contains 10 000 of the unstable nuclei.

How many unstable nuclei were there in the source 200 years ago? Show your reasoning.

Question 5 (3 marks)

The initial activity of a radioactive source is 8000 decays per second. After 1 day it has decreased to 1000 decays
per second.

What is the half-life of this source (in hours)? Show your reasoning.

More exam questions are available in your learnON title.

4.3 Types of nuclear radiation

KEY KNOWLEDGE

e Describe the properties of «t, 87, 8+ and y radiation
e Explain nuclear transformations using decay equations involving «, 38—, 8* and y radiation
* Analyse decay series diagrams with reference to type of decay and stability of isotopes

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

Unstable isotopes can emit various types of radiation while ‘striving’ to become more stable. There are three
naturally occurring forms of nuclear radiation: «, § and y (pronounced alpha, beta and gamma). Each type of
radiation was named with a different Greek letter because, when the different types of radiation were discovered,
scientists did not know what they consisted of. The emissions are described as decay processes because the
nucleus changes into a different nucleus and the change is irreversible.
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4.3.1 Alpha (x) decay

During o decay an unstable nucleus ejects a relatively large particle known as an « particle. This actually
consists of two protons and two neutrons, and so may be called a helium nucleus. The remainder of the original
nucleus, known as the daughter nucleus, is now more stable.

FIGURE 4.7 o decay: a nucleus ejects a helium nucleus

Parent Daughter « particle
nucleus nucleus

The number of protons in the nucleus determines the elemental name of the atom. The daughter nucleus is
therefore of a different element. For example, uranium-238 decays by emitting an « particle. The uranium-238
atom contains 92 protons and 146 neutrons (238 — 92 = 146). It emits an a particle, with two protons and two
neutrons. The original nucleus is left with four less nucleons: 90 protons (92 — 2 = 90) and 144 neutrons

(146 — 2 = 144). As the daughter nucleus now has 90 protons, it is called thorium and has the symbol Th.

This particular isotope of thorium has 234 nucleons (90 protons and 144 neutrons) and is more correctly written
as thorium-234.

The information in the previous paragraph can be written much more effectively in symbols. This is called
the decay equation:

238 234 4
05U = “9oTh+ ;He + energy
or 2g§U — 20Th + o + energy

Note that the total number of nucleons (mass number) is conserved: in this case, there are 92 nucleons
before and after (90 + 2) the decay.

This is the law of conservation of nucleon number, and it applies for any type of radioactive decay.

Properties of alpha radiation o particle a relatively slow-

The ejected a particle is relatively slow and heavy compared to other forms , )

C . . . equivalent to a helium nucleus
of nuclear radiation. The particle travels at 5—7 per cent of the speed of light: and carying a positive charge
roughly 2 x 107 metres each second. Every object that moves has a form of daughter nucleus the nucleus
energy known as kinetic energy, or energy of motion. Because the a particle is remaining after an atom
moving, it has kinetic energy. That energy is written into the decay equation. undergoes radioactive decay;

moving decay product consisting
of two protons and two neutrons,

it is more stable than the original

In addition to having energy, the « particle has an overall charge of +2 because it fiicleus

contains two protons. This charge means the particle can be deflected by electric

and magnetic fields — properties that helped scientists determine what an changes occurring in nuclei and
a particle consisted of. lists the products of the decay
reaction
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The mass and charge of the particle ensure that it cannot travel more than ten centimetres through the air, and
during this distance it interacts with other matter, including atoms and molecules. A sheet of paper will stop
most a particles. For the same reason, an « particle’s ability to penetrate the skin of animals and humans is
extremely limited. However, if an a-emitting source decays inside the body, it can do significant damage. As a
result, o emitters are rarely used in nuclear medicine, although their lethal properties are being put to work in a
targeted way to destroy cancer tissue.

a particles are a strongly ionising form of radiation. As charged particles they can remove electrons from other
atoms they approach, which can result in chemical changes in body tissue and genetic material.

EXTENSION: Radioactivity in smoke detectors

Somg gmoke detectors |rlwclude a samplg of the |§otope . ' FIGURE 4.8 Smoke alarms are set
amerl.czlum—241, an o emitter. The a particles |on|§e the air, which off when smoke blocks the path of
sustains a small current between charged plates in the detector.
When smoke blocks the access of the a particles to the air molecules
between the charged plates, the current can no longer flow, which
triggers an alarm to go off. It is estimated that an « particle travelling
through the air for 10 cm will ionise up to 10 000 oxygen and nitrogen
molecules.

a particles.

Discovering the nucleus

Ernest Rutherford was one of the central players in the investigation of radioactivity. By 1908, Rutherford and
his team had determined that o particles were doubly charged helium ions and that they were moving very
fast — at about five per cent of the speed of light. They quickly realised that these particles would be ideal
‘bullets’ to investigate the structure of the atom through a series of ‘scattering’ experiments involving

various metals.

Two of Rutherford’s younger colleagues, Hans Geiger and Ernest Marsden, fired a particles at a very thin foil
of gold, about 400 atoms thick, and measured their different angles of deflection. Nearly all of the particles
either went straight through or suffered a very small deflection, but about 1 in every 8000 rebounded from the
gold’s surface.

FIGURE 4.9 Geiger and Marsden’s gold foil experiment

a b.
Gold foil a particles
Beam of \ e ¢ - Nuclus
Source of a particles AP Y L
a particles St . °
\m\sw b W e
« <)
T o 5w ®
%‘J'; ;1:""’ .r"g‘\
et 8 B zene
) Atoms of
Lead shield g0ld fol

Fluorescent screen
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The positively charged a particle was repelled and deflected by the electrostatic interaction with the positive
charges in the atom. Rutherford calculated that for an « particle to be turned around, these positive charges
would need to be concentrated in a very small volume, which he called the nucleus. He calculated that the radius
of such a nucleus would be about 10~'* metres, and the radius of an atom was about 10~'° metres.

Rutherford’s nuclear model of the atom had nearly all the mass of the atom in the central nucleus and the much
lighter electrons ‘orbiting’ around it.

However, this model was incomplete because it did not fully explain the mass of an atom. The neutron was
subsequently discovered by James Chadwick in 1932.

4.3.2 Beta () decay

Two types of 8 decay are possible. The 3~ particle is a fast-moving electron that is ejected from an unstable
nucleus. The 87 particle is a positively charged particle with the same mass as an electron and is the electron’s
antiparticle, the positron. Positrons are mostly produced in the atmosphere by cosmic radiation, but some
nuclei do decay by S emission.

FIGURE 4.10 8~ decay: a nucleus ejects an electron

Parent Daughter
nucleus nucleus

+ energy

— )]

p~ particle

In S~ decay, an electron is emitted from inside the nucleus. Since nuclei do not contain any electrons
this might seem strange, but it is in fact true! There is no change whatsoever to the electrons in the shells
surrounding the nucleus.

Some very interesting changes take place inside a nucleus to enable it to emit . »
1 0 f th t in th 1 t f int t d positron a positively charged
an electron. One of the neutrons in the nucleus transforms into a proton and an TR T T CEE TEas FBeT)

electron. The proton remains in the nucleus and the electron is emitted and called electron, formed when a proton

a 8~ particle: disintegrates to form a neutron
and a positron

cosmic radiation very energetic
charged particles, mainly protons,
originating from beyond the solar
system

sn—>ip+ _Je

Note that the total charge is conserved: it is 0 before and after (1 — 1) the
decay.

The resulting daughter nucleus has the same number of nucleons as the parent, but one less neutron and one
more proton. Thus, the daughter nucleus has an atomic number that has increased by one and constitutes a
different element.
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An example of 8~ decay is the decay of thorium-234. This isotope is the result of the a decay of uranium-238.
The nucleus is more stable than it was before the emission of the a particle but could become more stable by
emitting a 8~ particle. During this second decay, the mass number of the nucleus is unchanged (234). The
number of protons, however, increases by one when a neutron changes into a proton and an electron. There are
now 91 (90 + 1) protons in the nucleus, so the atom must be called protactinium-234.

B~ decay is accompanied by the emission of another particle called an antineutrino. 8% decay is accompanied
by the emission of a neutrino. Neutrinos are particles with no charge and nearly zero mass. They are non-
ionising particles.

The decay equation is written as:
20Th = %1Pa+ B~ + 7V + energy
or %¢Th— %1Pa+ _le +7 +energy

In 8% decay, also known as positron emission, the positron is also emitted from inside the nucleus. In this case,
strange as it may seem, the proton changes into a neutron and a positron, with the neutron staying in the nucleus:

{p—) (l)n+ +(fe+v+energy

The resulting nucleus has one less proton but the same number of nucleons. An example of 87 decay is
sodium-22 decaying to neon-22:

2Na— 2Ne + e + v +energy

B~ decay: A neutron, (l)n, is converted to a proton, |p, and the process releases energy and creates an
electron, _(f e, and an electron antineutrino, ».

on=1p+ _%e+7 +energy

B+ decay: A proton, |p, is converted to a neutron, \n, and the process releases energy and creates a
positron, +?e, and an electron neutrino, V.

%p - (1)n + +(fe +V + energy

Properties of beta radiation

B particles are very light when compared to « particles. They travel at a large range of speeds — from that of
an o particle up to 99 per cent of the speed of light. Just like « particles,  particles are deflected by electric and
magnetic fields.

The lower charge, mass and higher speed of the § particle ensures that it can penetrate much further through air
and body tissues than « particles.  particles can travel through centimetres of human skin and a metre or two of
air. They can be stopped by a few centimetres of water or a few millimetres of aluminium. § radiation is useful
for precisely measuring the thickness of paper in production and for treating some types of cancers. It is also

a form of ionising radiation. However, it is less ionising than « radiation. In air, 8 particles travel further — up
to 20 cm — and have a haphazard pathway due to their smaller mass, compared with the track of an « particle.
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EXTENSION: Detecting radiation
We cannot see ionising radiation with the naked eye, but we have tools to detect it.

FIGURE 4.11 a. A cloud chamber and b. a Geiger counter
E— : . > Z v -~

- - "’—".‘Ié __:‘-

A cloud chamber (see figure 4.11a) detects ionising radiation including « and 3 particles, which momentarily
produce distinctive tracks as they pass through the low-pressure supersaturated water vapour or alcohol in
the chamber. a particles produce shorter, more distinct and straighter paths than 3 particles, which are longer,
thinner and deviate in their paths.

A Geiger counter (see figure 4.11b) is an electronic device that detects and measures the frequency of ionising
radiation including a and 8 particles, and gamma radiation. Radiation entering the chamber of the tube ionises
the low-pressure gas within and creates a current within the device.

SAMPLE PROBLEM 4 Writing complete decay equations
tlvd-0057

Write down the complete decay equation in each of the following.

a. 233U > %Th + ? + energy b. 243Pb — %IBi + ? + energy
c. 1C—> 1B+ ? + energy
THINK WRITE
a. 1. What is the mass number of the missing a. 234-230=4
particle?
2. What is the atomic number of the missing 92-90=2
particle?
3. Determine the missing particles from this a particle
information.
4. Write the equation. The number of particles in the nucleus has decreased

by 4, while the number of protons has decreased
by 2. This implies that an « particle, or helium

nucleus, has been released. The full equation is:

233U = %30 Th + 3 He + energy
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b. 1. What is the mass number of the missing
particle?
2. What is the atomic number of the missing
particle?
3. Determine the missing particles from this
information.

4. Write the equation.

c. 1. What is the mass number of the missing
particle?

2. What is the atomic number of the missing
particle?

3. Determine the missing particles from this
information.

4. Write the equation.

b. 210—-210=0
82—-83=-1
B~ particle

This equation cannot show an a emission, as the mass
number remains constant. The atomic number has
increased, indicating that a proton has been formed,
and therefore B~ decay has occurred. The equation
becomes:

23;9 Pb — 2};2131 + _% + energy

c. 11—-11=0
6—5=1
Bt particle

The mass number stays the same, but there is one
less proton, so it must be 8% decay. The equation
becomes:

1iC - 1B + ,%e + energy

PRACTICE PROBLEM 4

Write the equations for:

a. the a decay of americium-241
b. the = decay of platinum-197
c. the ' decay of magnesium-23.

4.3.3 Gamma (y) decay

This form of radioactive decay is quite different from either ¢ or 8 decay. During

y decay, a small packet of electromagnetic energy called a y ray, or photon, is emitted

y ray a packet of electromagnetic
energy released when a nucleus

from the nucleus, rather than a particle. y emission occurs after another form of remains unstable after ct or 8 decay;
nuclear decay has taken place. Following a decay, the arrangement of protons and y rays travel at the speed of light

neutrons in the nucleus may not be ideal, and the nucleus may need to release some
extra energy to become more stable. Before the release of this energy, the nucleus is

and carry no charge

excited nucleus a nucleus that
does not have an ideal arrangement

known as ‘excited’. An excited nucleus is denoted by an asterisk (*) after the symbol of protons and neutrons within it; an
for the element. The excess energy is emitted as a y ray. excited nucleus emits y radiation to
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FIGURE 4.12 y decay: an excited nucleus ejects a photon

Parent Daughter
Anucleus nucleus

=

=

One example of y decay occurs after lead-210 emits a 3~ particle and becomes bismuth-210. The excited
daughter nucleus goes on to emit a y ray:

210m:% . 210ma;
3Bl = 53Bi+y

Properties of gamma radiation

This y ray is a packet of excess energy. It has no mass and no charge and is not deflected by electric or magnetic
fields. Because it is a photon, or packet of electromagnetic energy, it travels at the speed of light.

y radiation is extremely penetrating. A lead shield of a few centimetres thickness absorbs about 90 per cent

of y rays. y radiation is ionising like a and 3 radiation. These properties of y radiation make if very useful in
medicine. It can be used to trace physiological processes by injecting or swallowing a chemical compound that
contains y emitters. The movement of the compound through the body can be traced with cameras outside the
body detecting the y rays. A newer technique involves using positron emitters. When the positrons are emitted
they meet electrons and both are annihilated, producing y rays that can be detected outside the body and an
image can be constructed by computer. This is called positron emission tomography, or PET scans. y rays are
also a powerful means of killing cancerous tissue.

4.3.4 Decay series

In its ‘quest’ to become stable, an isotope may have to pass through many stages. As a radioactive isotope
decays, the daughter nucleus is often radioactive itself. When this isotope decays, the resulting nucleus may also
be radioactive. This sequence of radioisotopes is called a decay chain or decay series.

Uranium-238 undergoes 14 radioactive decays before it finally becomes the stable isotope lead-206. Two other
decay chains, one starting with uranium-235 and another with thorium-232, also end with a stable isotope of
lead. Another decay chain once passed through uranium-233, but this chain is almost extinct in nature now due
to its shorter half-lives.

Not all naturally occurring radioisotopes are part of a decay series. There are decay chain the sequence of
about 10 with atomic numbers less than that of lead; for example, stages that a radioisotope passes
potassium-40. How can there be radioisotopes isolated in the periodic table? A through to become more stabls;
look he half-li £ . 40 and indi 115 Is th at each stage, a more stable

ook at the ha Hlives of potassium-40 and indium-115 reveals the answer (see e P, A G e e
table 4.2). Their half-lives are so long — greater than the age of Earth — that they when a stable isotope forms; also
are still decaying from when they were formed in a supernova explosion billions known as the decay series

of years ago.
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FIGURE 4.13 Radioactive series of uranium-238. The half-life is given beside each decay.
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SAMPLE PROBLEM 5 Using the decay series to reflect on the stability of a daughter

tivd-3744

nucleus

Using the decay series, comment on whether the daughter nucleus is always more stable than its

parent.

THINK WRITE

1. How can I tell how stable a nucleus is? The longer the half-life, the more stable the nucleus.

2. Do the daughter nuclei always have Often, in a decay chain, the daughter nucleus has
longer half-lives than the parent a shorter half-life than the parent. For example,
nucleus? uranium-238 has a much longer half-life than its

daughter thorium-234.
3. State the solution. In a decay chain, a nucleus may decay to a less stable

nucleus. This, however, is a step towards increased
stability as the final nucleus is always stable.
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elog-1831

tivd-0817

elog-1832

PRACTICE PROBLEM 5

a. Apart from lead-206, which is stable, determine which nucleus in the uranium-238 decay chain is
the most stable.
b. Why do you think the decay chain starts with a relatively stable nucleus?

EXTENSION: Nuclear transformations

a and 8 decay are natural examples of nuclear transformations. The numbers of protons and neutrons in the
nucleus change during these processes. Atrtificial nuclear transformations are also possible. These are done
either to investigate the structure of the nucleus or to produce specific radioisotopes for use in medicine or
industry. The first artificial transformation was made by Ernest Rutherford, who fired a particles at nitrogen atoms
to produce an isotope of oxygen.

N+ 3He - 'O+ 1H

This result raised the intriguing possibility of achieving the alchemist’s dream of changing lead into gold. Although
prohibitively expensive, it appears to be theoretically possible.

The building of particle accelerators in the early 1930s enabled charged particles such as protons and « particles
to be fired at atoms as well as a particles, but with the advantage that their energy could be pre-set. The
limitation of both these particles is that since they are positively charged, they have to be travelling at very

high speed to overcome the repulsion of the positively charged nucleus. This problem was overcome with the
discovery of the neutron in 1932. The neutron, which has no net charge, can enter the nucleus at any speed. Both
protons and neutrons are used today to produce radioisotopes. Particle accelerators firing positive ions produce
neutron-deficient radioisotopes such as thallium-201 (t1 = 73 days), which is used to show damaged heart tissue,

2
and zinc-65 (t1 = 244 days), which is used as a tracer to monitor the flow of heavy metals in mining effluent.
2
Neutrons from nuclear reactors produce neutron-rich radioisotopes such as iridium-192 (t1 = 74 days), which is

2
used to locate weaknesses in metal pipes, and iodine-131 (t1 = 8 days), which is used in the diagnosis and
2
treatment of thyroid conditions.

Particle accelerators are also used to produce new elements with atomic numbers greater than that of uranium.
The hunt is on for a new stable element. In 2007, calcium-48 ions were fired at californium-249 atoms to produce
the element with atomic number 118. Only three atoms were produced and, as the half-life of this isotope is

0.89 milliseconds, they don’t exist anymore.

INVESTIGATION 4.1 ERlinerT™

Radioactive decay
Aim
To analyse the radioactive decay of a source

INVESTIGATION 4.2 ERlinerT™

Background radiation
Aim
To measure the background radiation in the classroom
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Resources

Digital document eModelling: Numerical model of a decay series (doc-0045)
Video eLesson Nuclear stability and radiation (eles-2518)

Weblinks Radioactive decay chains applet
Law of radioactive decay applet

4.3 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
4.3 Quick quiz 4.3 Exercise u 4.3 Exam questions

4.3 Exercise

Write the nuclear equation for the o decay of radon-222.

Write the nuclear equation for the 3 decay of lead-214.

Write the nuclear equation for the y decay of cobalt-60.

a. A particle is missing from the right-hand side of a nuclear equation. The atomic numbers on the left-hand
side of a nuclear equation add to 20. The sum of the atomic numbers on the right-hand side of the equation
add to 18. What is the atomic number of the missing particle?

b. The mass numbers of the equation in part a add to 50 on the left-hand side. The sum of the mass numbers
on the right-hand side of the equation add to 46. What is the mass number of the missing particle?

c. What is the missing particle?

Identify two particles or emissions in nuclear equations that have a mass number and atomic number of zero.

Energy is released in nuclear decays other than in the form of y rays. What form does this energy take?

7. The atomic number counts the number of protons in the nucleus of an atom. In nuclear equations some

particles have atomic numbers but no protons. Given an example and explain what it means.

pON =

o o

4.3 Exam questions

Question 1 (1 mark)
I The nucleus *$U alpha decays into the nucleus 2X.

What are the numbers a and b?

A. a=94,b =240
B. a=90,b =232
C. a=91,b =236
D. a=93,b=238

Question 2 (1 mark)

A The radioactive isotope 2ggTh undergoes three consecutive a particle decays before becoming an isotope of

the element X.

What is the mass number of this isotope of element X?
A. 218
B. 221
C. 224
D. 227
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Question 3 (4 marks)
One member of a radioactive decay series has A = 231.

Could an isotope with A = 207 also be a member of this decay series? Explain your reasoning.

Question 4 (3 marks)

235

Consider part of a decay series that begins with the isotope 3

decays and two beta decays.

U. This nucleus undergoes a total of three alpha

Calculate the atomic number of the final isotope. Show your reasoning.

Question 5 (4 marks)

Write down the complete decay equation for the alpha decay of zggRa and identify the nucleus produced, using

the periodic table.

More exam questions are available in your learnON title.

4.4 Radiation and the human body

KEY KNOWLEDGE

* Explain the effects of o, 8 and y radiation on humans, including:
« different capacities to cause cell damage
« short- and long-term effects of low and high doses
« ionising impacts of radioactive sources outside and inside the body
« calculations of absorbed dose (gray), equivalent dose (sievert) and effective dose (sievert)
¢ Evaluate the use of medical radioisotopes in therapy including the effects on healthy and damaged tissues
and cells

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

4.4.1 Electromagnetic radiation and particle radiation

Ionising radiation is the collective name given to & and 3 particles, neutrons . diation high
ionising radiation high-energy

that. h?we been released from the nucleus, y rays an.d X-rays. These forms of radiation that can change atoms
radiation are grouped together because they have high energies and therefore by removing electrons, thus giving
similar effects on matter. Other forms of electromagnetic radiation, such as radio the atom an overall charge
waves, microwaves and visible light, have lower energies and do not interact with free radical an uncharged

. .. .. fragment of a molecule resulting
matter in the same way. They are non-ionising radiations.

from a covalent bond being

L C . broken
X-rays are the only type of ionising radiation that are not formed by changes

in the nucleus. They result from large energy losses by electrons when they are
subjected to sudden deceleration.

Ionising radiation has sufficient energy to knock an electron from its orbit around a nucleus. Once an electron
has been knocked away from the nucleus, the atom has more positive charges (protons) than negative charges
(electrons), giving the atom an overall positive charge. Atoms that have an overall charge are called ions; hence,
the name ionising radiation.

Sometimes the electron that is knocked from the atom is part of a bond between one atom and another. This
causes the bond to be broken, and can result in the molecule being split in two. Each piece of the molecule
would then have a charge. The charged pieces are called free radicals.

Both ions and free radicals are chemically very reactive. This may result in new chemical reactions taking place
inside the substance that was exposed to the ionising radiation.
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EXTENSION: What are x-rays?

X-rays are electromagnetic waves of very high frequency and very short
wavelength, in the range 0.001 nm to 10 nm. Because of their high
frequency, and hence high energy, they can penetrate flesh and may
cause ionisation of atoms they encounter on the way through.

FIGURE 4.14 An x-ray of the
lungs showing damage due to
tuberculosis

When x-rays pass through the body, the body tissue absorbs energy and
the intensity of the beam is reduced. The more dense material, such as
bone, absorbs more x-radiation.

4.4.2 lonising radiation and living things

The chemical changes resulting from the production of ions and free radicals in living )

1 h f effects. Th tonl (th t of th 1l that d x-rays electromagnetic waves of
cells can have a range of effects. The cytoplasm (the part of the cell that surrounds very high frequency and very short
the nucleus) has a high water content; therefore, it is often water molecules that are wavelength
broken. This results in the production of H* and OH™ ions, which are chemically very
reactive. The ions may react with important molecules, causing damage to DNA, the mechanisms for controlling
cell division, or the production of molecules necessary for the life of the cell. Cells undergoing division when
they are irradiated are particularly at risk.

Often the cell is able to repair itself, but sometimes the chemical
changes cause the cell to die. This is not a problem for a living thing
unless a large number of cells are damaged.

FIGURE 4.15 Visualisation of
the damage caused by ionising
radiations of different penetration

If the mechanism for cell division is damaged, the cell may begin to powers in a block of carbon

reproduce uncontrollably, forming a cancer. If DNA in the ovaries,
the testes or in an unborn foetus is damaged, genetic mutations may
be passed on. Usually these mutations are recessive and are not
exhibited.

4.4.3 The effects of a, 8 and y radiation
on humans

How much radiation is safe? This seemingly simple question has a
very complicated answer. The effect of radiation exposure can range
from nausea to death. The damage caused by radiation depends on the
type of radiation, the rate at which it is received, the part of the body
exposed, the general health of the individual and many other factors.
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Absorbed dose

One measure of the amount of radiation received is the absorbed dose. This is the bsorbed d it
. . . . . apbsorpe ose a quanti
amount of energy absorbed by each kilogram of the tissue being irradiated. The describing the am(?unt ofinergy

unit of absorbed dose is the gray, which is given the symbol Gy (1 Gy = 1 J kg™!). absorbed by each kilogram of
tissue that is irradiated

equivalent dose a quantity taking

energy absorbed into account the type of radiation
Absorbeddose = ——— absorbed and representing the
mass biological effect of radiation
that has been absorbed by living
tissue

Unfortunately, the number of grays absorbed by a person does not provide much

information about the extent of the damage to that person. The penetrating power

of the type of radiation is important. For example, « particles are stopped in a short distance. They pass on all
their energy in a short space, causing a great deal of localised damage. 3 particles are more penetrating, so the
damage they cause is less severe in any one area but is more widespread. Neutrons, y rays and x-rays are far
more penetrating than either & or § particles. They spread their energy over a large range.

Equivalent dose

To take into account the different styles of damage caused by the various forms of ionising radiation, another
measure of the amount of radiation, equivalent dose, was developed. The units for equivalent dose are
sieverts (Sv).

Equivalent dose (Sv) = absorbed dose (Gy) X quality factor

The quality factor is determined by the type of radiation that delivered the energy (see table 4.4).

One sievert of radiation causes the same amount of biological damage, no matter what type of radiation is used.

TABLE 4.4 Quality factors for different types of radiation

Type of radiation Approximate quality factor

y rays and x-rays 1
B particles 1
Slow neutrons 3
Fast neutrons 10
o particles 10-20

SAMPLE PROBLEM 6 Calculating absorbed dose and equivalent dose
tlvd-3745

A 60-kilogram person absorbs 0.054 J of energy due to ionising radiation.

a. Calculate the absorbed dose.

b. What would be the equivalent dose if the energy was delivered by y rays?

c. What would be the equivalent dose if the energy was delivered by « particles? (Take the quality
factor to be 20.)

d. Which would cause more biological damage to the person — the equivalent dose delivered by the
y rays or the a particles? N
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THINK

a. 1. Recall the formula for the absorbed
dose.

2. State the solution.

b. 1. The quality factor of y radiation is 1.

2. State the solution.

c. 1. The quality factor of « radiation is 20.

2. State the solution.

d. 1. Recall that damage is measured by
equivalent dose, in sieverts.

2. State the solution.

WRITE

a. Absorbed dose = energy absorbed
mass

_0.054)

~ 60kg
=9x10~* Gy

The absorbed dose is 9 x 10~ Gy.
b. Equivalent dose = absorbed dose X quality factor
=9x10™* Gyx 1

=9x10~*Sv
= 0.9mSv

The equivalent dose if the energy was delivered by
y rays is 0.9 mSyv.

c. Equivalentdose = absorbed dose X quality factor
=9x10~* Gy x20

=1.8%x10"2Sv
= 18 mSv

The equivalent dose if the energy was delivered by
« particles is 18 mSv.

d. Equivalent dose of y rays = 0.9 mSv
Equivalent dose of « particles = 18 mSv
18 =20
0.9
The equivalent dose delivered by the a particles would
cause about 20 times more damage than that delivered

by the y rays.

PRACTICE PROBLEM 6

On average, each crew member on the Apollo space missions received a dose of 12 mSv while in space.
The exposure was mainly electrons and y rays. Estimate an astronaut’s mass and determine how

much energy each astronaut absorbed.

Effective dose

Radiation affects different parts of the body in different ways. Each organ or tissue in the body has a different
sensibility to radiation doses. For example, the head is less sensitive than the chest, while the gonads, the bone
marrow or the digestive track are highly radiosensitive.

The effective dose is a number that is calculated for an individual patient. This
number takes into account the absorbed dose, the quality factor (relative harm level)

effective dose the sum of the
tissue-equivalent doses weighted

of the different types of radiation, and the sensitivity of each organ or tissue type to by the weighting factors

the different types of radiation.

146 Jacaranda Physics 1 VCE Units 1 & 2 Fifth Edition



The relative contribution of each tissue or organ to the total health detriment resulting from uniform irradiation
of the body is represented by its tissue weighting factor (see table 4.5). The effective dose also takes into
account the fact that different parts of the body will not receive the same amount of radiation when undergoing a
medical procedure.

The calculation of the effective dose helps to estimate the risk to a patient from

. Cge . . . tissue weighting factor a
a procedure. The actual risk to an individual patient will also depend on such grne

dimensionless factor reflecting

factors as the size and age of the patient. the variable radiosensitivity of

) ] ) ) specific tissues and organs that is
The effective dose for a patient is the total of the equivalent doses for all the used to calculate the equivalent
different parts of the body multiplied by their respective weighting factor. dose

Effective dose is measured in sieverts.

TABLE 4.5 Tissue weighting factors for different organs and tissues

Organ or tissue Approximate tissue weighting factor

Red bone marrow 0.12
Colon 0.12
Stomach 0.12
Breast 0.12
Lungs 0.12
Gonads (testes, ovaries) 0.08
Bladder 0.04
Liver 0.04
Oesophagus 0.04
Thyroid 0.04
Skin 0.01
Bone surfaces 0.01
Brain 0.01
Salivary glands 0.01
Remainder (spleen, cervix/prostate, heart, muscles, etc.) 0.12

Note: The sum of the weighting factors of the whole body is 1.
Source: Based on data from International Commission on Radiological Protection (2007); ICRP Publication 103, Ann. ICRP 37 (2-4),
p.182.

As the sum of the weighting factors of all the body parts is 1, when the body is uniformly irradiated the effective
dose is equal to the equivalent dose. However, this is not the case when a person is not uniformly irradiated, as
generally happens with radiotherapy treatments focusing on a specific tissue or organ.

For example, if a person is exposed to an equivalent dose of 2 mSv to the whole body, and an additional 10 mSv
to the lungs and 5 mSyv to the liver, the effective dose is 2 + 0.12 X 10 +0.04 X 5 = 3.4 mSv. Thus, in terms of
risk, this is the same as a whole-body dose of 3.4 mSv.

EXTENSION: Background radiation

The naturally occurring background radiation, which is a measure of the level of ionising radiation present in the
environment at a particular location, is estimated to be 1.5-2 mSv per year (or around 4.11-5.48 uSv per day) on
average in Australia.

The typical effective dose for a mammogram is 0.7 mSv, which correspond to roughly 24 weeks’ worth of
background radiation, while the typical effective dose for a CT scan of the head is 2 mSyv, which corresponds
to roughly 16 months’ worth of background radiation.
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For comparison, the effective dose for a long-haul flight can range from 10 ySv to 80 pySv. In terms of risks from
irradiation, one mammogram is roughly equivalent to seven return flights from Melbourne to London.

However, an effective dose of less than 20 mSv per year, averaged over five years with no more than 50 mSyv for
any given year, is considered safe.

SAMPLE PROBLEM 7 Calculating the effective dose of a breast cancer radiotherapy

ReRteell session and comparing it to background radiation

During a breast cancer radiotherapy session, Jo’s breast is exposed to an equivalent dose of 2.5 mSv

per day. The rest of her body is not irradiated.

a. Determine the corresponding effective dose for Jo’s whole body, per day.

b. Jo lives in Australia, where the background radiation is around 1.5 mSv per year. Determine how
long it would take for Jo to be exposed to the same effective dose from the background radiation.

THINK WRITE
a. 1. Use table 4.5 to determine the weighting a. The weighting factor for the breast is 0.12.
factor for the breast.
2. Calculate the effective dose for the breast. 0.12%x 2.5 mSv=0.3 mSv
3. Calculate the effective dose for the rest of Jo’s The rest of Jo’s body is not irradiated, thus the
body. effective dose for the rest of the body is O Sv.
4. Add the effective doses for each body part. 0.3 mSv+0Sv=0.3 mSv
5. State the answer. The effective dose is 0.3 mSyv.
b. 1. Calculate in how many days the exposure b. 0.3365 =73 days
from the background radiation will amount to L5
0.3 mSv.
2. State the answer. It would take 73 days for Jo to be exposed

to an effective dose of 0.3 mSv from the
background radiation.

PRACTICE PROBLEM 7

Bill’s thyroid and brain are exposed to an equivalent dose of 10 mSv and 30 mS respectively. The rest
of his body is not exposed to any additional radiation. Determine the effective dose.

4.4.4 The use of radiation in diagnosis and treatment

Radioactivity as a diagnostic tool

The best-known use of radioactive materials in medicine is probably in the ‘radiotherapy’ treatment of cancer.
Less well known is the use of a radioactive material inside the body to diagnose disease. This use of radioactive
material in the body may seem very risky because of the danger associated with radioactivity. In fact, the use of
radioisotopes and, more recently, positron emission tomography (PET) to image organs and study their function
has become a very common, effective and safe means of diagnosis.

For the purposes of medical diagnosis, radioactive substances may be introduced into the body and used to target
areas of interest. The radiation produced is measured and used to determine the health of the organ or section of
the body under investigation.
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EXTENSION: Producing radioisotopes — the medical cyclotron

The effectiveness of nuclear medicine for diagnosis of disease
has depended on the ability to:
® produce radioisotopes _
¢ detect the y radiation produced. ==

=

FIGURE 4.16 A cyclotron for radioisotope
synthesis in a clinical medical centre

The production of radioisotopes became possible with the
development of the cyclotron by E.O. Lawrence in 1931. From
the mid-1940s, a range of radioisotopes from the United States
and later from the United Kingdom was available.

The radioisotopes needed in nuclear medicine in Australia

are made at the nuclear research reactor based at Lucas
Heights in the south of Sydney, or in a cyclotron under the
control of ANSTO (Australian Nuclear Science and Technology
Organisation). Cyclotrons are needed to make radioisotopes for
positron emission tomography (PET), a diagnostic technique
discussed later in this topic. PET facilities are presently found in
hospitals in Brisbane, Melbourne and Sydney.

Choosing the right medical radioisotope

When a radioisotope is introduced into the body, other factors in addition to the half-life of the radioisotope
need to be considered. The radioisotope is removed from the patient’s body by processes such as respiration,
urination and defecation. However, some patients metabolise the chemical to which the radioisotope is attached
more quickly than others, so it is important that the characteristics of the particular patient are considered when
dosages are being determined.

The half-life of the radioisotope must be long enough to allow useful readings to be taken after it has been taken
up by the targeted organ. Generally, if the radioisotope remains in the patient’s body for a long period of time,
its half-life should be comparable to the time taken to carry out the investigation, to minimise the dose to the
patient. When the radioisotope is excreted in about the same time as is needed for the investigation, a longer
half-life radioisotope can be safely used.

Radioisotopes that emit « particles are not used in the diagnosis of disease because the a particles cause
damaging ionisation inside the body. 8 particles travel further than « particles before they are absorbed but their
ionisation damage is much less. They are used in therapy but not in diagnosis of disease.

The most useful radioisotopes for nuclear medicine are those that emit y radiation only. Technetium-99m and
iodine-123 are two such isotopes. A y-emitting radioisotope inside the body can be detected outside the body
because y radiation is very penetrating. Common radioisotopes used in medical diagnosis are listed in table 4.6.

TABLE 4.6 Radioisotopes used in medical diagnosis

Radioisotope Production site Half-life Function

Chromium-51 Nuclear reactor 27.70 days Used to label red blood cells and measure gastro-
intestinal protein loss

lodine-131 Nuclear reactor 8 days Used to diagnose and treat various diseases
associated with the thyroid gland; used in the
diagnosis of the adrenal medullary; used for imaging
some endocrine tumours

lodine-123 Cyclotron 13 hours Used to monitor thyroid function, evaluate thyroid
gland size and detect dysfunction of the adrenal
gland; used to assess stroke damage

(continued)
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TABLE 4.6 Radioisotopes used in medical diagnosis (continued)

Radioisotope Production site Half-life Function

Molybdenum-99 Nuclear reactor 65.94 hours | Used as the ‘parent’ in a generator to produce
technetium-99m, which is the most widely used
isotope in nuclear medicine

Technetium-99m | ‘Milked’ from 6 hours Used to investigate bone metabolism and locate bone
molybdenum-99 disease; to assess thyroid function; to study liver
disease and disorders of its blood supply; to monitor
cardiac output, blood volume and circulation clots; to
monitor blood flow in lungs; to assess blood and urine
flow in the kidneys and bladder; to investigate brain
blood flow and function; to estimate total body plasma
and blood count

Thallium-201 Cyclotron 3.05 days Used to detect the location of damaged heart muscles

SAMPLE PROBLEM 8 Calculating the amount of remaining radioisotope in the body after

RARI a length of time

A 20-milligram sample of iodine-123 is to be used as a radioactive tracer in the body. The half-life of
the iodine-123 is 13 hours.

a. How long will it take for 17.5 milligrams to decay?

b. Calculate how much iodine-123 will remain after 26 hours.

THINK WRITE

a. 1. Determine the amount that decays in each a. In one half-life, 10 mg of iodine-123 will
half-life until the total amount has reached decay. This will leave 10 mg of iodine-123.
17.5 mg. In the second half-life, 5 mg of iodine-123 will

decay, leaving 5 mg of iodine-123. In the third
half-life, 2.5 mg of iodine-123 will decay.

2. State the solution. 17.5 mg (10 + 5 + 2.5) of iodine will have
decayed in three half-lives, or 39 hours.
b. 1. Recall that 26 hours is two half-lives b. After one half-life, 10 mg of iodine-123 will
(2 x 13 hours). decay, leaving 10 mg of iodine-123. After

two half-lives, 5 mg of iodine-123 will decay,
leaving 5 mg of iodine-123.

2. State the solution. 5 mg of iodine-123 will remain after 26 hours.

PRACTICE PROBLEM 8

A radioisotope with a half-life of 13 hours is used in the diagnosis of a patient. A check 52 hours later
reveals that 1 milligram of the radioisotope remains.

a. What mass of the radioisotope was used in the diagnosis?

b. How much of the radioisotope will remain after a further 52 hours?
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SAMPLE PROBLEM 9 Calculating how long it takes for the activity of a radioisotope to

BAslael drop to a certain level

A sample of a radioisotope has a half-life of 10 minutes.

a. Calculate the time it will take the radioisotope’s activity to drop from 8 MBq (megabecquerels)
to 4 MBq.

b. Calculate the time it will take for its activity to be 1 MBq.

THINK WRITE
a. When half the sample has decayed, the activity ~ a. The time needed to reduce the activity to
will also halve. This assumes that the atoms 4 MBq is one half-life, or 10 minutes.

formed are not radioactive.

b. Halving the activity each half-life means b. The time taken is 30 minutes.
that three half-lives have passed before the
activity is 1 MBq.

PRACTICE PROBLEM 9

A sample of a radioisotope with a half-life of 8 days has an activity of 8 MBq 16 days after it is placed
in safe storage.

a. What was the activity of the sample when it was placed in safe storage?

b. What is the activity of the sample after a further 16 days?

c. How long will it take after the sample is placed in safe storage for its activity to decrease to 1 MBq?

4.4 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
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4.4 Exercise

A 30-kilogram child receives 3 mGy of radiation. How much energy did the child absorb?

An adult (60 kg) absorbs 0.09 J of radiation. What is the adult’s absorbed dose?

What is the equivalent dose of 3 mGy of radiation, assuming the energy was delivered by y radiation?

What is the equivalent dose of a 60-kilogram adult who receives 3 mGy of radiation, assuming the energy was
delivered by o radiation? Assume a quality factor of 18.

Why is a radiation given a higher quality factor than y radiation?

Why is equivalent dose often a more useful measure than absorbed dose?

It is more dangerous for pregnant women to be exposed to high radiation levels than for other people. Why?
Australians receive on average 2 mSv of radiation each year. Assuming this radiation is all 3 particles with
energy of 1 MeV, calculate how many 3 particles pass in or out of your body every second if your mass

is 60 kg.

9. lonising radiation can cause cancer, yet it can also cure cancer. Explain this contradictory statement.

Eal S
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4.4 Exam questions

Question 1 (1 mark)
L= A 60-kilogram person absorbs 0.009 J of ionising radiation in the form of « particles.

What equivalent dose of radiation do they receive? (Take the quality factor to be 20.)
A. 15 mGy

B. 0.15 mGy

C. 3mSv

D. 9 mSv

Question 2 (2 marks)
An 85-kilogram person absorbs 16 mJ of ionising radiation in the form of o particles. Their equivalent dose
is 2.45 mSv.

Determine the quality factor of the radiation.

Question 3 (1 mark)

T Which of the following radioisotopes is suitable for a 45-minute diagnosis appointment?
Nitrogen-16 (half-life: 7.13 seconds)

. Carbon-11 (half-life: 20.3 minutes)

Fermium-252 (half-life: 72 hours)

. Gold-196 (half-life: 148 hours)

DOowp>

Question 4 (2 marks)
A hospital radiographer calculates the equivalent dose of radiation absorbed by a patient. During a scan of the
patient’s brain, the absorbed dose is measured as 1.5 mGy. The mass of the brain is 1.4 kg.
Calculate the energy absorbed by the brain during the scan.

Question 5 (4 marks)

In a nuclear plant a worker’s hand comes into contact with an object that emits « particles. The worker’s hand
has a mass of 0.50 kg and absorbs 6 uJ of energy.

Calculate:
a. the absorbed dose received by the worker’s hand (2 marks)
b. the equivalent dose received by the worker’s hand if the quality factor is 20. (2 marks)

More exam questions are available in your learnON title.

4.5 Energy from mass

KEY KNOWLEDGE

e Explain, qualitatively, nuclear energy as energy resulting from the conversion of mass
® Explain fission chain reactions including:

« the effect of mass and shape on criticality

« neutron absorption and moderation

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

4.5.1 Equivalence of mass and energy

The most famous physics equation of all is E = mc?. This is an equation that Albert Einstein derived as a result
of his work on relativity. We will now explore what this equation means and how it can be used.
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We have learnt that some nuclei are unstable. They eventually decay by releasing . .

. . . . . . . . isotope an atom containing the
particles, including 8 particles, neutrinos, a particles and y rays. Which particles same number of protons but a
are released depends on the particular isotope involved. Before 1905, scientists different numbers of neutrons
would have said that these decays must obey two conservation laws: conservation
of mass and conservation of energy.

Conservation of mass states that there is always the same amount of
mass in a closed system — one where no mass is entering or leaving.
This resulted from early understandings of chemical reactions,
where the mass of the products is always the same as the mass of the
reactants. Conservation of energy states that there is always the same
amount of energy in an isolated system. Energy is never created or
destroyed; it is transformed to different forms or transferred from
one system to another.

FIGURE 4.17 Albert Einstein

However, in 1905, Einstein stunned the scientific world by showing
that these two conservation laws are not strictly correct. He
demonstrated that only one conservation law was needed because
mass and energy are essentially the same thing. What is conserved
is the combination of mass and energy, which is sometimes called
mass—energy.

Einstein’s equation was a result of theory. Like the prediction of
particles such as the neutrino, positron and neutron, there was no
experimental evidence for it at the time, and obtaining that evidence
was not going to be easy.

where:

E is the energy in joules

m is the mass in kilograms

c is the symbol for the speed of light (c = 2.997 924 58 x 108 m s7!).

1

Note: The speed of light is usually rounded to 3.00 x 108 m s™! in calculations.

This equation is a statement that energy and mass are equivalent. If we need to know how much energy a certain
mass is equivalent to, we use the equation.

For example, for a mass of 1 kilogram of any substance:

E = mc?

1.0 (3.00% 108)°
=9.0x101J

That is a tremendous amount of energy. However, the Sun produces four billion times that every second.

Einstein’s E = mc? equation calculates that the Sun is losing energy at a rate that is equivalent to 4 billion
kilograms every second!
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Why do we not see this loss of mass in everyday life when a body radiates energy? Let’s look at the example
of an object cooling down, like a hot water bottle in your bed on a winter’s night. The hot water bottle would

transfer approximately 100 000 J of energy to your bed as it cools. Using E = mc?:

E = mc?
>m= E
6‘2
100000
 (3.00x 10%)’
= 11X 1072 kg

That is one-millionth of one-millionth of a kilogram, far too tiny to notice or
measure. As far as typical events are concerned, energy is conserved and mass
is conserved. Even the mass lost by the Sun per second is such a tiny percentage
of the Sun’s mass that the Sun can continue losing mass at this rate for billions
of years.

However, Einstein’s equation has been tested in many ways. In 2008, researchers
confirmed that E = mc? explained the mass of protons and neutrons.

EXTENSION: Components of subatomic particles

Unlike electrons, which are fundamental particles without any substructure,
protons and neutrons are made up of quarks, which are elementary particles with
an electric charge. The quarks in protons and neutrons are held together by the
strong nuclear force. Most of the mass of the proton and neutron derives from the
energies of the quarks within each particle. To account for a proton having a mass
of 1.67 x 107?" kilograms we need to add up the mass of the quarks it contains
and the mass equivalent of the energy involved by using E = mc?.

Nuclear decays bring a nucleus to a state of lower energy and greater stability.
The nucleus prior to the decay, or decay series, has a greater mass than the
nucleus after decay, even when the masses of the particles emitted in the decay
are accounted for. In the decay, mass is not conserved. Similarly, if the energies
prior to the decay were compared with the energies of all of the particles after
the decay, we find some energy that appears to have come from nowhere. The
difference in mass (m) is equivalent to the difference in energy (E) as predicted
by E = mc?.

For example, consider the alpha decay of uranium-238, shown in table 4.7.

TABLE 4.7 The decay of uranium-238 to thorium-234 and helium-4

Nucleus Mass (kg)

Parent Uranium-238 3.952 93 x 107
Daughter Thorium-234 3.88639 x 107
Decay particle Helium-4 6.645 758 x 107/
Mass after decay He-4 + Th-234 3.952 85 x 1072°
Change of mass Mass defect 8.242 x 107%°
resulting from decay
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The thorium nucleus and the a particle produced by the decay of uranium-238 have a slightly lower mass
than the parent uranium nucleus. This change in mass is called the mass defect (or mass deficit). Mass is
not conserved here.

Where is the missing mass?

. > . . mass defect the difference in
The mass can be accounted for by applying E = mc*. The mass is equivalent the mass of the products and

to 7.42 x 10713 J. This energy is the kinetic energy of the remaining particles, reactants in a nuclear reaction;
most of it going to the a particle, which moves away from the thorium nucleus at also known as the mass deficit
approximately 10 000 km s~!.

Energy is often better expressed in a unit called the electronvolt (eV) when dealing with nuclear physics, due to
the small amounts of energy involved.

1 eV is the kinetic energy an electron or proton would gain if accelerated across a potential difference of 1 V.
1 eV =1.6x 107" J. The energy produced in the a decay of uranium-238 is then 7.42 x 10713 J = 4.63 MeV.

SAMPLE PROBLEM 10 Calculating the energy released during alpha decay
tlvd-0065

Calculate the energy released when thorium-232 undergoes alpha decay. Thorium-232 has a mass of
3.853 08 x 107> kg and radium-228 has a mass of 3.786 55 x 10~ kg. An « particle has a mass of
6.64 648 x 10~%" kg. Give your answer in MeV.

THINK WRITE

1. Determine the mass of the parent Mpyyrent = 3.853 08 X 1072 kg
nucleus.

2. Determine the mass of the daughter Mproducts = 3.786 55X 1072 kg + 6.646 48 X 10" kg
nucleus and the « particle. —3.853 01 x10-2 ke

3. Determine the change in the mass due  7,e0 — Mproducis = 3-853 08 X 107> kg —3.853 01 X 10~ kg
to the decay.

=7x10"" kg

4. Determine the equivalent energy. E = mc?

=7x107% x (3.00% 10%)

=6.3x10713]

6.3x 10713
5. Convert to MeV. = x MeV
1.602 176 x 10~"°

~ 3.9 MeV

6. State the solution. 3.9 MeV of energy is released when thorium-232

undergoes alpha decay.

PRACTICE PROBLEM 10

An « particle has a kinetic energy of 4.2 MeV as it leaves a nucleus. Calculate the mass defect of this
reaction. (Assume that all the energy released went into the kinetic energy of the « particle.)
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4.5 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your

feedback and access additional results and
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4.5 Quick quiz J 4.5 Exercise U 4.5 Exam questions

4.5 Exercise

What does the equation E = mc? express about mass and energy?

What is the energy equivalent of 100 grams of mass in joules?

A positron and an electron (each of mass 9.1 x 103! kg) annihilate each other. How much energy is released?
What is the energy content of a 4500 kd meal in eV?

Calculate the mass equivalent of 4500 kJ.

apwN=

4.5 Exam questions

Question 1 (1 mark)

T The difference between the mass of an alpha particle and the total mass of two protons and two neutrons
is 5.040 x 107%° kg.

Which of the following best describes the binding energy of an alpha particle? (Hint: Take ¢ = 3.00 x 108 m s™".)
A. 1.54x 1072 B. 3.54 x 1072 J C. 454 x107"% D. 7.54x107'?J

Question 2 (1 mark)
I3 An experimental fusion reaction results in each product nucleus undergoing a mass loss of 1.09 x 10728 kg.

What is the energy released for each product nucleus?
A. 33x1020J B. 3.3x107"2J C. 9.8x1072y D. 9.8x10*J

Question 3 (1 mark)

I A uranium-235 nucleus is hit by a neutron and undergoes nuclear fission, resulting in an energy release of
2.83 x 107" J due entirely to mass deficit.

What is the mass deficit of the fission products?
A. 3.1 x107% kg B. 3.1 x 102 kg C. 9.4 x 108 kg D. 9.4 x 10%° kg

Question 4 (2 marks)
In the Sun, each fusion event liberates 2.81 x 1072 J of energy with a corresponding loss of mass.

Calculate the mass lost in each fusion event.

Question 5 (2 marks)
When two helium nuclei combine to form a heavier nucleus, there is a mass deficit of 2.29 x 1072° kg.

How much energy is | berated from this mass deficit?

More exam questions are available in your learnON title.
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4.6 Energy from the nucleus

KEY KNOWLEDGE

® Compare the processes of nuclear fusion and nuclear fission
* Explain, using a binding energy curve, why both fusion and fission are reactions that release energy

Source: VCE Physics Study Design (2023-2027) extracts © VCAA; reproduced by permission.

4.6.1 Binding energy

The amount of energy needed to overcome the strong nuclear force and pull apart o
1 is k the bindi This is th t of that h binding energy the energy
a nucleus is known as the binding energy. This is the amount of energy that has raquired|te spiit & nuclaus info
to be added to a nucleus to split it into its individual nucleons — that is, to reverse individual nucleons
the binding process. For example, it would take 2.23 MeV of energy to split a
‘heavy’ hydrogen nucleus into its separate proton and neutron.

Each isotope has its own specific binding energy. Nuclei with high binding energies are very stable, as it takes

a lot of energy to split them into separate protons and neutrons. Nuclei with lower binding energies are easier to
split. Of course, it is difficult to supply sufficient energy to cause a nucleus to split totally apart. It is much more
common for a nucleus to eject a small fragment, such as an « or 8 particle, to become more stable.

To compare the binding energies of various nuclei, and therefore their stability, it is more useful to compare the
average binding energy per nucleon. The average binding energy per nucleon is calculated by dividing the total
binding energy of a nucleus by the number of nucleons in the nucleus.

It can be seen from figure 4.19 that iron-56 has the highest binding energy per nucleon. In order to become more
stable, other nuclei tend to release some of their energy. Releasing this energy would decrease the amount of
energy they contained, and therefore increase the amount of energy that must be added to split them apart. Thus,
the nucleons in more stable nuclei have less mass per nucleon than nucleons in less stable nuclei, as the greater
binding energy per nucleon has its mass equivalent.

FIGURE 4.19 This graph of binding energy versus mass number peaks at nickel-62, although the much more
common iron-56 is very close behind. Note that the graph takes a dip as the nucleus becomes larger. This is due
to the ease with which these nuclei break apart.
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EXTENSION: Stable nuclides

Iron-56, one of the four stable isotopes of iron, is considered by some to be the most stable nucleus in the
universe, because it has the lowest mass per nucleon of all the nuclides. Interestingly, the rarer iron-58 has a

slightly higher binding energy per nucleon than iron-56.

Further, nickel-62, one of the five stable isotopes of nickel, has the highest binding energy per nucleon of any
known nuclide, and is also considered by some as the most stable nucleus.

The binding energy is not only the amount of energy required to separate a nucleus

into its component parts, but also the amount of energy released when those parts are

nuclear fusion the process of
joining together two nuclei to form

brought together to form the nucleus; that is, when a proton and a neutron collide to a larger, more stable nucleus
form a ‘heavy’ hydrogen nucleus, 2.23 MeV of energy is released (twice the binding nuclear fission the process of

energy per nucleon).

splitting a large nucleus to form
two smaller, more stable nuclei

The curve of the graph in figure 4.19 indicates that if two nuclei with low mass fission fragments the products

numbers could be joined together to produce a single nucleus, then a lot of energy

from a nucleus that undergoes
fission; they are smaller than the

would be released. Similarly, if a nucleus with a very high mass number could split original nucleus
into two fragments with greater binding energy per nucleon, then once again a lot

of energy would be released. These two possibilities were realised in the 1930s.

The released energy can be calculated from Einstein’s equation E = mc?, where m is the

difference between the total nuclear mass before and after the event, and c is the speed of light.

The joining of two nuclei is nuclear fusion and the splitting of a single nucleus is nuclear fission.

Resources

Interactivity Making nuclei (int-6393)

4.6.2 Nuclear fission

In 1934, Enrico Fermi investigated the effect of firing
neutrons at uranium. The products had half-lives different
from that of uranium. He thought that he had made new
elements with atomic numbers greater than 92. Others
repeating the experiment got different half-lives. In 1939,
Otto Hahn and Fritz Strassmann chemically analysed the
samples and found barium, which has atomic number 56,
indicating that the nuclei had split.

Lise Meitner and Otto Frisch called this process ‘fission’ and
showed that neutrons could also initiate fission in thorium
and protactinium. Further chemical analysis revealed a
range of possible fission reactions, each with a different
combination of fission fragments, including bromine,
molybdenum or rubidium (which have atomic numbers
around 40) and antimony, caesium or iodine (which have
atomic numbers in the 50s). Cloud chamber photographs
showing two heavy nuclei flying off in opposite directions
confirmed that fission had occurred. Meitner and Frisch also
calculated from typical binding energies that the fission of
one uranium-235 nucleus would produce about 200 MeV of
energy, mainly as kinetic energy of the fission fragments.
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This is a huge amount of energy to be released by one nucleus, as can be seen when it is compared to the
burning of coal in power plants. Each atom of carbon used in coal burning releases only 10 eV of energy —
about 20 million times less than the energy released in the fission of uranium-235.

FIGURE 4.21 Nuclear fission reactions involve a large nucleus splitting into two smaller nuclei and several
neutrons.

f,\

EXTENSION: Lise Meitner (1878-1968)

Lise Meitner was the physicist who coined the term *fission’ and, along
with her nephew Otto Frisch, explained the splitting of uranium nuclei into
barium and lanthanum.

FIGURE 4.22 Lise Meitner
(1878-1968) was the first to
describe how a nucleus could
Born in Vienna, Lise was fascinated by the world around her from an undergo fission.
early age. A talented student, she wanted to understand the things she =T o1 TE
observed in nature. Having decided that she would like to pursue her
interest in physics and mathematics, Lise engaged a private tutor to
prepare her for the university entrance exams, as schools that taught such
subjects would not accept girls at that time. She was the second woman to
be granted a Doctorate in Physics from the University of Vienna, conferred
in 1906.

Lise then moved to the Institute of Experimental Physics in Berlin to work
with Otto Hahn. Initially, this proved difficult. Lise was forced to work in a
converted workshop, as females were not permitted to use the facilities
available to male students. As the place of women in the institute became
more accepted, Lise was given positions of responsibility, finally being
made a professor in 1926. During her time at the institute, Lise made
many important contributions to atomic and particle physics, including the
co-discovery with Otto Hahn of the radioactive element protactinium.

In 1938 Berlin became a dangerous place for Jews, and Lise moved to Sweden. It was there that she and Otto
Frisch interpreted the results of experiments conducted by Otto Hahn and Fritz Strassman to come up with
the first explanation of the fission process. In doing so, Lise was the first person to use Einstein’s theory of
mass—-energy equivalence to calculate the energy released during fission.

Her international reputation led to an invitation to join the Manhattan Project in 1941 and work on the
development of the atomic bomb. Lise objected to the project and declined the offer. She continued to work
in Sweden until moving to England in 1960, finally retiring at the age of 82.
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Also in 1939, Frédéric Joliot, Irene Joliot-Curie and their team confirmed that two or three fast neutrons were
emitted with each fission reaction. This allowed for the possibility of a chain reaction, where one fission
triggers further fissions, which could potentially release enormous amounts of energy.

Some possible equations for the fission of uranium-235 set off by the absorption of a neutron are:

U+ in— 25U - "BLa+ §3Br+ 3$n + energy

2g§U + (l)n - 23SU — lg‘éBa + g%Kr + 3(1)n + energy

U+ in— 25U - a+ $¥Br+ 2(1)n + energy

The data in figure 4.19 and Einstein’s equation E = mc? can be used to calculate
the amount of energy released in each of these fission reactions.

TABLE 4.8 Masses and binding energies of atoms

chain reaction a reaction
occurring when neutrons, emitted
from the decay of one atom,

are free to initiate fission in
surrounding nuclei

Nucleus Symbol Mass (kg) Total binding energy (MeV)
Uranium-235 22U 3.902 9989 x 107%° 1783.870 285
Uranium-236 U 3.919629 x 107 1790.415 039

Lanthanum-148 Bla 2.456 472 x 107 1213.125 122
Bromine-85 SoBr 1.410 057 x 10%° 737.290 649
Barium-141 iBa 2.339939 x 107 1173.974 609
Krypton-92 SoKr 1.526 470 x 107° 783.185 242
Xenon-140 i0xe 2.323453 x 107 1160.734 009

Strontium-94 ST 1.559 501 x 107° 807.816 711
Neutron n 1.674 746 x 1077

Speed of light, ¢ = 2.997 924 58 x 108 ms™'; 1 MeV = 1.602 176 x 107"% J

FIGURE 4.23 Graph of energies in a fission reaction. The sum of the binding energies of La-148 and Br-85 is
greater than the binding energy of U-236. The difference is released as kinetic energy of the neutrons and the
fission fragments. The total energy after fission is the same as the energy before. Mass—energy is thus conserved.

o Before After
Kinetic fission ! fission
energy |

; Neutron
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Binding
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SAMPLE PROBLEM 11 Exploring the fission of uranium-236 to lanthanum-148 and

bromine-85

Answer the following questions about the fission of uranium-236 producing lanthanum-148 and

bromine-85. Use table 4.8 for data on masses and binding energies.

a. What is the difference between the binding energy of the uranium-236 nucleus and the sum of the
binding energies of the two fission fragments?

b. What is the difference between the mass of the uranium-236 nucleus and the sum of the masses of
all the fission fragments, including neutrons?

c. Use E = mc? to calculate the energy equivalent of this mass difference in joules and MeV.

THINK

a. 1.

2,

Write out the fission equation.

Use table 4.8 to find the binding energy
of uranium-236.

Use table 4.8 to calculate the sum of the

binding energies of the fragments.

Calculate the difference between the
binding energy of the uranium nucleus
and its fission fragments.

State the solution.

. Use table 4.8 to find the mass of

uranium-236.

Use table 4.8 to find the sum of the
masses of the fragments.

Calculate the difference between the
mass of the uranium nucleus and its
fission fragments.

State the solution.

. Use E = mc? to calculate the energy

difference in joules. (The full value
for ¢ is used here, but you may use the
rounded value.)

Convert the energy to MeV.

State the solution.

. E=mc

WRITE

23§U — 1‘5”7; La+ §; Br + 3(') n + energy

Binding energy of uranium-236 = 1790.415 039 MeV

Binding energy of lanthanum-148 = 1213.125 122 MeV
Binding energy of bromine-85 = 737.290 649 MeV
1213.125 122 + 737.290 649 = 1950.415 771 MeV

Energy difference = 1950.415 771 — 1790.415 039
= 160.000 732 MeV

The difference between the binding energy of the
uranium-236 nucleus and the sum of the binding energies
of the two fission fragments is 160.001 MeV.

. Mass of uranium-236 = 3.919 629 x 107 kg

Mass of lanthanum-148 = 2.456 472 x 10~
Mass of bromine-85 = 1.410 057 x 1072
Mass of a neutron = 1.674 746 x 102’
2.456 472 x 1073 + 1.410 057 x 1072 + 3 x
1.674 746 x 10727 =3.916 771 x 1072 kg

Mass difference = 3.919 629 X 10=25 —3.916 771 x 10~25
=2.857 62x 1072 kg

The difference between the mass of the uranium-236
nucleus and the sum of the masses of all the fission
fragments is 2.857 62 x 1072 kg.

2

= 2.85762% 10728 X (2.997924 58  108)’
=2.568301x107'"]

2.568 301 x 10~
1.602 176 x 10~13

The energy equivalent of this mass difference is
2.568 301 x 10~ J or 160.300 789 MeV.

= 160.300 789 MeV
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PRACTICE PROBLEM 11

Answer the following questions about the fission of uranium-236 to barium-141 and krypton-92. Use

table 4.8 for data on masses and binding energies.

a. What is the difference between the binding energy of the uranium-236 nucleus and the sum of the
binding energies of the two fission fragments?

b. What is the difference between the mass of the uranium-236 nucleus and the sum of the masses of
all the fission fragments, including neutrons?

c. Use E = mc? to calculate the energy equivalent of this mass difference in joules and MeV.

Resources

Weblink Fission animation

4.6.3 Nuclear fusion

Nuclear fusion is the process of joining two smaller nuclei FIGURE 4.24 Nuclear fusion of
together to form a larger, more stable nucleus. This was first hydrogen-2 and a proton. The resulting
observed by Australian physicist Mark Oliphant in 1932 when nucleus is in an excited state, which
he was working with Ernest Rutherford. Oliphant was searching releases a y ray.

for other isotopes of hydrogen and helium. Heavy hydrogen (one

proton and one neutron) was already known, but he discovered

tritium (one proton and two neutrons) and helium-3 (with only —

one neutron). In his investigation he fired a fast heavy hydrogen ’ — r — r JaVaVa\
nucleus at a heavy hydrog