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UNIT

3 How do fields explain
motion and electricity?

AREA OF STUDY 1

How do physicists explain motion in two dimensions?

OUTCOME 1

Investigate motion and related energy transformations experimentally, and analyse motion using
Newton’s laws of motion in one and two dimensions.

1 Newton’s laws of motion .......................................................................................................................................3

2 Relationships between force, energy and mass ........................................................................................85

AREA OF STUDY 2

How do things move without contact?

OUTCOME 2

Analyse gravitational, electric and magnetic fields, and apply these to explain the operation of
motors and particle accelerators, and the orbits of satellites.

3 Gravitational fields and their applications ..................................................................................................143

4 Electric fields and their applications ............................................................................................................195

5 Magnetic fields and their applications .........................................................................................................235

AREA OF STUDY 3

How are fields used in electricity generation?

OUTCOME 3

Analyse and evaluate an electricity generation and distribution system.

6 Generation of electricity ....................................................................................................................................307

7 Transmission of electricity ................................................................................................................................365

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.





AREA OF STUDY 1 HOW DO PHYSICISTS EXPLAIN MOTION IN TWO DIMENSIONS?

1 Newton’s laws of motion
KEY KNOWLEDGE

In this topic, you will:
• investigate and apply theoretically and practically Newton’s three laws of motion in situations
where two or more coplanar forces act along a straight line and in two dimensions

• investigate and analyse theoretically and practically the motion of projectiles near Earth’s
surface, including a qualitative description of the effects of air resistance

• investigate and analyse theoretically and practically the uniform circular motion of an object

moving in a horizontal plane:

(

Fnet= mv2

r

)

, including:

• a vehicle moving around a circular road
• a vehicle moving around a banked track
• an object on the end of a string

• model natural and artificial satellite motion as uniform circular motion
• investigate and apply theoretically Newton’s second law to circular motion in a vertical plane
(forces at the highest and lowest positions only).

Source: VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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



1.1 Overview
Hey students! Bring these pages to life online

 

Watch 

videos

Engage with 

interactivities

Answer questions  

and check results

Find all this and MORE in jacPLUS 

1.1.1 Introduction

FIGURE 1.1 Whether you are driving a car, riding
a bike or riding a roller-coaster, your motion is
controlled by the forces acting on the vehicle.

Backwards and forwards. Faster and slower. Why do
objects in motion behave the way they do, and how
can such behaviour be consistently described?

Before Sir Isaac Newton published Principia
Mathematica in 1687, there was no plausible theory
that could clearly describe objects, also called bodies,
the forces acting upon them, and their movements in
response to those forces. Newton’s laws of motion
changed humanity’s understanding of the entire
universe by providing a mathematical description
of the universe. They describe everything from a ball
rolling down a hill to the positions of the planets.

To this day, more than 300 years later, Newton’s
laws of motion and gravity remain the foundations
on which mechanics and engineering are based.
They gave humanity the knowledge needed to send
astronauts to the Moon and put satellites into orbit. Everyday motion, from driving a car and riding a bike, to
enjoying a ride on a roller-coaster, are all governed by forces that can be described by Newton’s laws.
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1.2 BACKGROUND KNOWLEDGE Motion review

BACKGROUND KNOWLEDGE

• identify parameters of motion as vectors or scalars
• analyse graphically, numerically and algebraically, straight-line motion under constant acceleration:

v=u+at v2=u2+2as s= 1

2
(u+ v)t s=ut+ 1

2
at2 s= vt− 1

2
at2

• graphically analyse non-uniform motion in a straight line
• apply concepts of momentum to linear motion: p=mv

1.2.1 Describing motion
To explain the motion of objects, it is important to be able to measure and describe the motion clearly. The
language used to describe motion must therefore be precise and unambiguous.

The language of motion
The physical quantities used to describe and explain motion fall into two distinct groups: scalar quantities and
vector quantities.

scalar quantity quantity with only
a magnitude (size)

vector quantity quantity requiring
both a direction and a magnitude

distance measure of the full
length of the path taken when
an object changes position, a
scalar quantity

displacement measure of the
change in position of an object, a
vector quantity

speed the rate at which distance
is covered per unit time; a scalar
quantity

velocity the rate of change of
position of an object; a vector
quantity

Scalar quantities are fully described by magnitude (size) only. Mass, energy, time, power and temperature
are all examples of scalar quantities.

Vector quantities are fully described by specifying both a direction and a magnitude. Force, displacement,
velocity and acceleration are all examples of vector quantities.

Note: Vector quantities are bolded in this resource but other notations are common, such as an arrow above
or below the variable.

Distance is a measure of the length of the path taken during the change in position of an object. Distance is a
scalar quantity. It does not specify a direction.

Displacement is a measure of the length of the change in position of an object. To fully describe a displacement,
a direction must be specified as well as a magnitude. Displacement is therefore a vector quantity.

Speed is a measure of the rate at which an object moves over a distance. Because distance is a scalar quantity,
speed is also a scalar quantity. The average speed of an object can be calculated by dividing the distance
travelled by the time taken:

average speed= distance travelled

time interval

Velocity is a measure of the rate of displacement of an object. Because
displacement (change in position) is a vector quantity, velocity is also a vector
quantity. The velocity has the same direction as the displacement. The symbol v
is used to denote velocity. (The symbol v is often used to represent speed as well.)

The average velocity of an object, vav, during a time interval can be expressed as:

vav = ΔsΔt
where: s represents the displacementΔt represents the time interval
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Neither the average speed nor the average velocity provide information about movement at any particular
instant of time. The speed at any particular instant of time is called the instantaneous speed. The velocity at
any particular instant of time is called the instantaneous velocity. It is only if an object moves with a constant
velocity during a time interval that its instantaneous velocity throughout the interval is the same as its average
velocity.

The rate at which an object changes its velocity is called its acceleration. Because velocity is a vector quantity,
it follows that acceleration is also a vector quantity. The average acceleration of an object, aav, can be
expressed as:

aav = ΔvΔt = v−u
tf− ti

where: Δv represents the change in velocity (v−u) ,v is the final velocity and u the initial velocityΔt represents the time interval, where ti is the initial time and tf is the final time, whereΔt= tf− ti

The direction of the average acceleration is the same as the direction of the change in velocity. The instantaneous
acceleration of an object is its acceleration at a particular instant of time.

A non-zero acceleration is not always caused by a change in speed. The vector nature of acceleration means that
the object can be accelerating if it has a constant speed but is changing direction. Hence, acceleration is the rate
of change of velocity.

Reviewing vectors

A vector quantity is one that has both direction and magnitude. These are represented diagrammatically using
arrows, in which the length of the arrow reflects the magnitude of the quantity and the arrowhead allows the
direction to be shown. Vectors are used constantly in physics, particularly in the study of motion, in which many
variables are vector quantities.

Adding vectors

instantaneous speed speed at a
particular instant of time

instantaneous velocity velocity at a
particular instant of time

acceleration rate of change of
velocity; a vector quantity

When vector quantities are added together, both direction and magnitude need to be
taken into account. The example of forces in figure 1.2 illustrates this. The labelled
arrows that represent vectors can be used to perform the addition by placing them
‘head to tail’. When adding pairs of vectors, the labelled arrows are redrawn so
that the ‘tail’ of the second arrow abuts the ‘head’ of the first arrow. The sum of the
vectors is represented by the arrow drawn between the tail of the first vector and the
head of the second. Figure 1.2 illustrates how this method has been used to determine
the net force in the three examples shown. The sum of the vectors (Fnet) is represented in each case.

FIGURE 1.2 When adding vectors, both magnitude and direction need to be considered.

Fnet

a.

40 N 30 N

b.

40 N

30 NFnet

Fnet

c.

30 N

40 N

N

S

W E

6 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Determining the magnitude of a vector sum (resultant vector)

The vectors in figure 1.2 have been drawn to scale. This means that the length of the arrow representing the
vector sum (resultant vector) can be measured. The magnitude of the vector sum can then be calculated. The
direction of the vector sum is given by the direction in which the third arrow points. If the vectors have been
drawn to scale, the direction can be determined by measuring the appropriate angle with a protractor.

The vector addition shown in figure 1.3 results in a right-angled triangle. The magnitude of the vector sum can
be determined by using Pythagoras’s theorem. The hypothenuse arrow of the triangle is the vector sum and its
length represents the magnitude.

c2 = a2 + b2= (40)2 + (30)2= 2500 (calculating the sum of the squares of both sides)⇒ c = 50 N (taking the positive square root of the sum of the squares)

FIGURE 1.3 The magnitude
and direction of vector addition
can be determined using
Pythagoras’s theorem. Fnet is
the resultant vector, or vector
sum.

Fnet

a (40 N)

b

(30 N)

c

A

C
B

N

53°

The direction of the net force can be found using trigonometric ratios. In

this case, we can use tan B = O

A
.

tan B = 30

40= 0.75

B = tan−1(0.75)= 37°
The vector sum, and net force, is 50 N at an angle of N53°E (53°
clockwise from north as A + B = 90°).
Knowing the various trigonometric ratios is important when finding
unknown angles (when at least 2 side lengths are known) or unknown
sides (when at least one angle and one side length is known) for right-
angled triangles. Alternatively, the sine or cosine rule could be used.

Subtracting vectors

FIGURE 1.4 Subtracting
vectors can be done either
by placing them tail to
tail, or through adding the
negative vector.

a

b

b − a

b

a

One vector can be subtracted from another simply by adding its negative. It
works because subtracting a vector is the same as adding the negative vector
(just as subtracting a positive number is the same as adding the negative of that
number). Another way to subtract vectors is to place them tail to tail, as shown
in figure 1.4. The difference between the vectors a and b (b − a) is given by the
vector that begins at the head of vector a and ends at the head of vector b.

Finding vector components

The magnitude of vector components can be determined using trigonometric
ratios. The vector P in figure 1.5 can be resolved into vertical and horizontal
components.
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FIGURE 1.5 A vector can
be split into vertical and
horizontal components.

500
units

PV

PH

P

40°

The magnitude of the horizontal component, labelled PH, is given by:

PH = P cos 40°(since cos 40°= PH

P

)

⇒PH = 500 units× cos 40°⇒PH = 500 units× 0.7660= 383 units.
The magnitude of the vertical component, labelled as PV , is given by:

PV = P sin 40°(since sin 40°= PV

P

)

⇒PV = 500 units× sin 40°⇒PV = 500 units× 0.6428= 321 units.
SAMPLE PROBLEM 1 Determining the average acceleration

tlvd-8940

Determine the average acceleration of each of the following objects.
a. A car starting from rest reaches a velocity of 60 km h−1 due north in 5.0 s.
b. A car travelling due west at a speed of 15 m s−1 turns due north at a speed of 20 m s−1. The change

occurs in a time interval of 2.5 s.
c. A cyclist riding due north at 8.0 m s−1 turns right to ride due east without changing speed in a time

interval of 4.0 s.

THINK WRITE

a. 1. The change in velocity of the car is 60 km
h−1 north. To determine the acceleration in
SI units, the velocity should be expressed in
m s−1 (divide by 3.6 to convert from km h−1

to m s−1).

a. 60 km h−1 = 60

3.6 m s−1 = 16.7 m s−1

2. Use the formula aav = ΔvΔt to calculate the

average acceleration.

aav = ΔvΔt = 16.7
5.0= 3.3 m s−2 north

b. 1. The change in velocity must first be found
by subtracting vectors because Δv= v−u.
The final velocity (v) is 20 m s–1 north and
the initial velocity (u) is 15 m s–1 west.
That is −u= 15 m s−1 east.
Use Pythagoras’s theorem or trigonometry
to determine the magnitude of the change of
velocity. Subtracting u is the same as adding
the negative vector for u (as shown in the
diagram — in this case 15 m s−1 east,
not west).

b.
−u

15 m s−1

v

20 m s−1 Δv

θ

N

W E

S

Δv =√

202 + 152= 25 m s−1
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2. The direction of a vector is usually given
as an angle of rotation of the vector about
its tail. Then look at where the head of the
vector sum (resultant vector) is pointing.
The direction can be found by calculating
the value of the angle 𝜃.

tan 𝜃 = 15

20= 0.75⇒𝜃 = 37°
The direction of the change in velocity is
therefore N37°E.

3. Use the formula aav = ΔvΔt to calculate the

average acceleration, where Δv = 25 m s–1

N37°E and t = 2.5 s.

aav = ΔvΔt= 25

2.5= 10 m s−2 N 37°E
c. 1. The change in velocity must first be found

by subtracting vectors because Δv = v − u.
The final velocity (v) is 8.0 m s–1 east and
the initial velocity (u) is 8.0 m s–1 north.
That is −u= 8.0 m s−1 south.
Use Pythagoras’s theorem or trigonometry
to determine the magnitude of the change of
velocity. Subtracting u is the same as adding
the negative vector for u (as shown in the
diagram as going 8.0 m s−1 south, not north).

c.

−u

8.0 m s−1

v

Δv

θ

N

W E

S

8.0 m s−1

Δv =√

8.02 + 8.02= 11.3 m s−1

2. The direction can be found by calculating
the value of the angle 𝜃.

The triangle formed by the vector diagram
shown is a right-angled isosceles triangle. The
angle 𝜃 is therefore 45° and the direction of the
change in velocity is south-east.

3. Use the formula aav = ΔvΔt to calculate the

average acceleration, where Δv = 11.3 m s–1

S45°E and Δt = 4.0 s.

aav = ΔvΔt= 11.3
4.0= 2.8 ms−2 south-east (orS45 °E)

PRACTICE PROBLEM 1

Determine the average acceleration (in m s–2) of:
a. a rocket launched from rest that reaches a velocity of 15 m s−1 during the first 5.0 s after lift-off
b. a roller-coaster cart travelling due north at 20 m s−1 that turns 90 degrees to the left during

an interval of 4.0 s without changing speed
c. a rally car travelling west at 100 km h−1 that turns 90 degrees to the left and slows to a speed of

80 km h−1 south. The turn takes 5.0 s to complete.
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1.2.2 Graphical analysis of motion
A description of motion in terms of displacement, average velocity and average acceleration is not complete.
These quantities provide a ‘summary’ of motion but do not provide detailed information. By describing the
motion of an object in graphical form, it is possible to estimate its displacement, velocity or acceleration at any
instant during a chosen time interval.

Position–time graphs
A graph of position versus time provides information about the displacement and velocity at any instant of time
during the interval described by the graph. If the graph is a straight line or smooth curve, it is also possible to
estimate the displacement and velocity outside the time interval described by the data displayed in the graph
using extrapolation.

FIGURE 1.6 The instantaneous velocity v of an object is equal to the gradient of the position–time graph. If the
graph is a smooth curve, the gradient of the tangent must be determined.
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The velocity of an object at an instant of time can be obtained from a position–time graph by determining the
gradient of the line or curve at the point representing that instant. This method is a direct consequence of the
fact that velocity is a measure of the rate of change in position. If the graph is a smooth curve, the gradient at an
instant of time is the same as the gradient of the tangent to the curve at that instant.

Similarly, the speed of an object at an instant of time can be obtained by determining the gradient of a graph of
the object’s distance from a reference point versus time.

Velocity–time graphs
A graph of velocity versus time provides information about the velocity and acceleration at any instant of time
during the interval described by the graph. It also provides information about the displacement between any two
instants.

The instantaneous acceleration of an object can be obtained from a velocity–time graph by determining the
gradient of the line or tangent to a curve at the point representing that instant in time. This method is a direct
consequence of the fact that acceleration is defined as the rate of change of velocity.

The displacement of an object during a time interval can be obtained by determining the area under the velocity–
time graph representing that time interval. The actual position of an object at any instant during the time interval
can be found only if the starting position is known.

Similarly, the distance travelled by an object during a time interval can be obtained by determining the
corresponding area under the speed versus time graph for the object.
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Acceleration–time graphs
A graph of acceleration versus time provides information about the acceleration at any instant of time during the
time interval described by the graph. It also provides information about the change in velocity between any two
instants.

The change in velocity of an object during a time interval can be obtained by determining the area under the
acceleration–time graph representing that time interval. The actual velocity of the object can be found at any
instant during the time interval only if the initial velocity is known.

The relationship between position, velocity and acceleration–time graphs

Position–time, velocity–time and acceleration–time graphs are all related. As velocity is the change of position
over time, it is equivalent to the gradient of the position–time graph. Acceleration is the change of velocity over
time, and is the gradient of the velocity–time graph, as seen in figure 1.7.

FIGURE 1.7 The position–time, velocity–time and acceleration–time graphs for an object thrown vertically into
the air (assume negligible air resistance). As long as one graph is given, the other two can be deduced. Some
extra information may be needed.
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TABLE 1.1 Summary of motion graphs

Position versus
time graphs

Velocity versus
time graphs

Acceleration
versus time graphs

Horizontal axis Time Time TimeQuantities that can be
read directly from the
graph Vertical axis Position Velocity Acceleration

Gradient of tangent Instantaneous
velocity

Instantaneous
accelerationQuantities that can be

calculated from the
graph Area under the

graph
Change in position
(displacement)

Change in velocity

SAMPLE PROBLEM 2 Using a velocity-time graph
tlvd-8941

The following velocity–time graph describes the motion of a car travelling south through an
intersection. The car was stationary for 6.0 s while the traffic lights were red.
a. What was the displacement of the car during the interval in which it was slowing down?
b. What was the acceleration of the car during the first 4.0 s after the lights turned green?
c. Determine the average velocity of the car during the interval described by the graph.
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THINK WRITE

a. The displacement of the car slowing down is
the area under the graph between the times 4.0 s
and 6.0 s.
To fully describe displacement, units and
direction need to be considered.

a. area = 1

2
× 2.0 s × 10 m s−1 south= 10 m south

b. The acceleration is given by the gradient of the
graph for the first 4.0 s after the lights turned
green; the time interval is between 12 and 16 s.
During this time, the velocity increases from
0 m s–1 south to 12 m s–1. Therefore the ‘rise’ is
12 m s–1 south and the ‘run’ is 4.0 s.

b. a = rise

run= 12

4.0= 3.0 m s−2 south

c. 1. The displacement during the whole time
interval described by the graph is given by
the total area under the graph. In this case, the
area is split into four shapes (two rectangles
and two triangles).

c. area = (4.0× 10)+(

1

2
× 2.0× 10

)

+(

1

2
× 4.0× 12

)

+ (4.0× 12)= 40+ 10+ 24+ 48= 122 m south

2. The average velocity is determined by the

formula: vav = ΔsΔt , where Δs = 122 m south

and Δt = 20 s

vav = ΔsΔt= 122

20= 6.1 m s−1 south
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PRACTICE PROBLEM 2

Use the velocity–time graph in sample problem 2 to answer the following questions.
a. Determine the acceleration of the car while it had a positive southerly acceleration.
b. Determine the acceleration of the car during the 2.0 s before it came to a stop at the traffic lights.
c. Determine the average velocity of the car during the 6.0 s before it stopped at the traffic lights.

Resources

Video eLesson Motion with constant acceleration (eles-0030)

1.2.3 Algebraic analysis of motion
The motion of an object moving in a straight line with a constant acceleration can be described by a number
of formulas. The formulas can be used to determine unknown quantities of straight-line motion with constant
acceleration.

v=u+ at s= 1

2
(u+ v)t s=ut+ 1

2
at2 v2 =u2 + 2a s s= vt− 1

2
at2

where: u is the initial velocity

v is the final velocity

s is the displacement

a is the acceleration

t is the time interval

Because the formulas describe motion along a straight line, vector notation is not necessary. The displacement,
velocity and acceleration can be expressed as positive or negative quantities.

It is possible to rearrange each of the equations to make different variables the subject. Table 1.2 summarises all
possible versions of the equations and may be useful when solving problems. Note that each formula uses 4 out
of the 5 possible variables (s u v a t).

TABLE 1.2 Equations for solving problems

Variables that are involved in the problem
u v a t u v a s u v t s u a t s v a t s

u u= v−at u2= v2−2as u= 2s

t
− v u= s

t
− at

2
—

v v=u+at v2=u2+2as v= 2s

t
−u — v= s

t
+ at

2

a a= v−u
t

a= v2−u2

2s
— a= 2 (s−ut)

t2
a= 2 (vt− s)

t2

t t= v−u
a

— t= 2s

(u+ v)
Determine v
then solve

Determine u then
solve

Variable
that is to

be
calculated

s — s= v2−u2

2a
s= 1

2
(u+ v) t s=ut+ 1

2
at2 s= vt− 1

2
at2
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SAMPLE PROBLEM 3 Algebraic analysis of straight line motion with constant
accelerationtlvd-8942

Amy rides a toboggan down a steep snow-covered slope. Starting from rest, she reaches a speed of
12 m s−1 as she passes her brother, who is standing 19 m further down the slope from her starting
position. Assume that Amy’s acceleration is constant.
a. Determine Amy’s acceleration.
b. How long did she take to reach her brother?
c. How far had Amy travelled when she reached an instantaneous velocity equal to her average

velocity?
d. At what instant was Amy travelling at an instantaneous velocity equal to her average velocity?

THINK WRITE

a. 1. List the given information. Let’s consider
down the slope as the positive direction.

a. u = 0, v = 12 m s−1, s = 19 m, a = ?

2. The appropriate formula is: v2 =u2 + 2as,
because it includes the three known quantities
and the unknown quantity a.

v2 = u2 + 2as⇒ 12 2 = 0+ 2a× 19
144 = 38× a⇒ a = 3.8 m s−2 down the slope

b. 1. List the information. (Note that it is better to
use the data given rather than data calculated
in the previous part of the question. That way,
rounding or errors in an earlier part of the
question will not affect the answer.)

b. u = 0, v = 12 m s−1, s = 19 m, t = ?

2. The appropriate formula is:

s= 1

2
(u+ v)t. s = 1

2
(u+ v)t

⇒ 19 = 1

2
(0+ 12)t

19 = 6.0× t

⇒ t = 19

6.0= 3.2 s

c. 1. The magnitude of the average velocity during
a period of constant acceleration is given by:

vav = u+ v
2

c. vav = u+ v
2= 0+ 12

2= 6.0 m s−1

2. The distance travelled when Amy reaches an
instantaneous velocity of this magnitude can
now be calculated. List the information.

u= 0, v= 6.0 m s−1, a= 3.8 m s−2, s=?
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3. The appropriate formula is v2 =u2 + 2as. v2 = u2 + 2as⇒ (6.0)2 = 0+ 2× 3.8× s
36 = 7.6× s⇒ s = 36

7.6= 4.7 m

d. 1. List the information. d. u = 0, v = 6.0 m s−1, a = 3.8 m s−2 , t = ?

2. The appropriate formula is v=u+ at. v = u+ at⇒ 6.0 = 0+ 3.8× t
6.0 = 3.8× t⇒ t = 6.0

3.8= 1.6 s
This is the midpoint of the entire time interval.
In fact, during any motion in which the
acceleration is constant, the instantaneous
velocity halfway (in time) through the interval
is equal to the average velocity during the
interval.

PRACTICE PROBLEM 3

A car initially travelling at a speed of 20 m s−1 on a straight road accelerates at a constant rate for 16 s
over a distance of 400 m.
a. Calculate the final speed of the car.
b. Determine the car’s acceleration without using your answer to part (a).
c. What is the average speed of the car?
d. What is the instantaneous speed of the car after:

i. 2.0 s
ii. 8.0 s?

1.2.4 Momentum

momentum the product of the
mass of an object and its velocity;
a vector quantity

When explaining changes in motion, it is necessary to consider another property
of the object: its mass. Consider how much more difficult it is to stop a truck
moving at 20 m s−1 than it is to stop a tennis ball moving at the same speed. The
physical quantity momentum is useful in explaining changes in motion, because
it takes into account the mass as well as the velocity of a moving object.

Newton described momentum as ‘quantity of motion’ and understood the special nature of mass in motion.

The momentum p of an object is defined as the product of its mass m and its velocity v.

TOPIC 1 Newton’s laws of motion 15



p=mv

where: p is the momentum, in kg m s−1, or N s
m is the mass, in kg
v is the velocity, in m s−1

Momentum is a vector quantity that has the same direction as that of the velocity. The SI unit of momentum is
kg m s−1. Momentum is also sometimes expressed in N s.

1.2 Activities
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1.2 Quick quiz 1.2 Exercise

1.2 Exercise

1. Two Physics students are trying to determine the instantaneous speed of a bicycle 5.0 m from the start of a
1000-m sprint. They use a stopwatch to measure the time taken for the bicycle to cover the first 10 m. If the
acceleration was constant, and the measured time was 4.0 s, what was the instantaneous speed of the
bicycle at the 5.0 m mark?

2. A car travelling north at a speed of 40 km h−1 turns right to head east at a speed of 30 km h−1. This change in
direction and speed takes 2.0 s. Calculate the average acceleration of the car in:
a. km h−1 s−1

b. m s−2.
3. An aeroplane approaches Melbourne Airport and touches down on the runway while travelling at 70 m s−1.

This speed is maintained for 8.0 s. Following this, the brakes are engaged, and the aeroplane comes to a stop
with a uniform deceleration of 4.0 m s−2.
a. Calculate how long it takes the aeroplane to stop after landing.
b. Draw a velocity–time graph to describe the motion of the aeroplane from landing to the moment it comes to

a stop. Ensure your graph is fully labelled.
c. Use your graph to determine the length of runway used in the landing process.

4. A 65.0-kg student runs at a velocity of 35.0 km h−1. Determine the student’s momentum.
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1.3 Newton’s laws of motion and their application

KEY KNOWLEDGE

• Investigate and apply theoretically and practically Newton’s three laws of motion in situations where two or
more coplanar forces act along a straight line and in two dimensions.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

1.3.1 Newton’s three laws of motion
Sir Isaac Newton’s three laws of motion, first published in 1687, explain changes in the motion of objects in
terms of the forces acting on them. However, Einstein and others have since shown that Newton’s laws have
limitations. Newton’s laws fail, for example, to explain successfully the motion of objects travelling at speeds
close to the speed of light. They do not explain the bending of light by the gravitational forces exerted by stars,
planets and other large bodies in the universe. However, they do successfully explain the motion of most objects
at Earth’s surface, the motion of satellites and the orbits of the planets that make up the solar system. In fact, it
was Newton’s laws that enabled NASA to plan the trajectories of artificial satellites.

Newton’s First Law of Motion

Every object continues in its state of rest or uniform motion unless made to change by a non-zero net force.

net force the vector sum of all the
forces acting on an object

Newton’s First Law of Motion explains why things move. For example, you need
to strike a golf ball with the club before it will soar through the air. Without a
net force acting on the golf ball, it will remain in its state of rest on the tee or
grass. (Recall that the vector sum of the forces acting on an object is called the net force.) The law explains
why seatbelts should be worn in a moving car and why you should never leave loose objects (like books,
luggage or pets) in the back of a moving car. When a car stops suddenly, it does so because there is a large net
force acting on it — as a result of braking or a collision. However, the large force does not act on you or the
loose objects in the car. The loose objects continue their motion until they are stopped by a non-zero net force.
Without a properly fitted seatbelt, you would move forward until stopped by the airbag in the steering wheel, the
windscreen or even the road. The loose objects in the car will also continue moving forward, posing a danger
to anyone in the car. This is why Newton’s First Law is sometimes referred to as the Law of Inertia. Inertia is a
property of mass and describes the tendency of a body to remain at rest or to move with a constant velocity in a
straight line unless acted upon by a net force.

Newton’s First Law of Motion can also be expressed in terms of momentum by stating that the momentum of an
object does not change unless the object is acted upon by a non-zero net force.

Newton’s Second Law of Motion

The rate of change in momentum is directly proportional to the magnitude of the net force and is in the
direction of the net force.

Fnet= ΔpΔt = mΔvΔt =ma

(provided the mass is constant)

where: Δp is the change in momentum, in kg m s−1 (or N s)Δv is the change in velocity, in m s−1Δt is the time interval, in s

m is the mass, in kg

a is the acceleration, in m s−2
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This expression of Newton’s Second Law of Motion is especially useful because it relates the net force to a
description of the motion of objects. An acceleration of 1 m s−2 results when a net force of 1 N acts on an object
of mass 1 kg. Newton’s Second Law gives the relationship between the net force acting upon a body, its mass
and the resulting acceleration of that body. Acceleration is directly proportional to the net force applied to a
body but inversely proportional to its mass. The derived equation above, Fnet =ma is commonly associated with
the second law.

Newton’s Third Law of Motion

Newton’s Third Law of Motion

If object B applies a force on object A, then object A applies an equal and opposite force on object B:

Fon A by B =−Fon B by A

It is important to remember that the forces that
make up the force pair act on different objects. The
subsequent motion of each object is determined by
the net force acting on it. For example, in
figure 1.8, the net force on the brick wall at the left is
the sum of the force applied to it by the car (shown
by the red arrow) and all the other forces acting on
it. The force shown by the orange arrow is applied
to the car and does not affect the state of motion of
the brick wall. The net force on the car is the sum
of the force applied by the brick wall (shown by
the orange arrow) and all the other forces acting
on it. The ‘Newton pairs’ of forces are of the same
type but act on different bodies. They are equal and
opposite in nature.

FIGURE 1.8 Newton’s Third Law of Motion in action

Brick wall

pushes car.

Car

pushes

brick

wall.

Applying Newton’s laws of motion
Newton’s laws of motion can be used to explain the motion of objects. It is important to determine the specific
laws that should be applied to a particular problem:

• Newton’s First Law refers only to objects at rest or in uniform motion and can be applied in instances when
an object is not accelerating

• Newton’s Second Law applies to a single object (or a system of more than one body where the bodies are
connected to each other) being acted upon by one or more forces

• Newton’s Third Law applies when two objects interact with one another and exert equal but opposite forces
on each other

Often, more than one of Newton’s laws will be required to solve a problem.

Resources

Video eLesson Newton’s Second Law (eles-0033)

1.3.2 On level ground
Whether you are walking on level ground, driving a car, riding in a roller-coaster or flying in an aeroplane, your
motion is determined by the net force acting on you.
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Figure 1.9 shows the forces acting on a car moving at a constant velocity on a level surface. The net force on the
car is zero as the forces are balanced (in equilibrium).

FIGURE 1.9 Forces acting on a car moving on a level surface. The car’s engine is making the front wheels turn.

Air resistance
Normal force

Driving forceRoad friction

Force due to gravity

The forces acting on the car are described as follows.
• The force due to gravity. The force due to gravity of an object is given by:

Fg =mg

where m is mass and g is the gravitational field strength.
Throughout this text, the magnitude of g at the Earth’s surface will be taken as 9.8 N kg−1. The force due to
gravity of a medium-sized sedan carrying a driver and passenger is about 15 000 N.

• Normal force. The normal force is the upward push of the supporting surface on the car. A normal force
acts on all four wheels of the car. It is described as a normal force because it acts at right angles to the
surface. Considering that the road surface is not accelerating up or down, the force applied to the surface
by the object is the same as the force due to gravity acting on the object. The total normal force is therefore
equal and opposite in direction to the force due to gravity.

• Driving force. The force that pushes the car forward is provided at the driving wheels — the wheels that
are turned by the motor. In most cars, either the front wheels or the rear wheels are the driving wheels. The
motor of a four-wheel drive pushes all four wheels. As the tyres push back on the road, the road pushes
forward on the tyres, propelling the car forward. The forward push of the road on the tyres is a frictional
force, as it is the resistance to movement of one surface across another. In this case, it is the force that
prevents the tyres from sliding across the road. If the tyres or the road is too smooth, the driving force is
reduced, the tyres slide backwards and the wheels spin. Note that if a car is braking, the wheels are not
being driven by the engine and the driving force is not present.

• Resistance forces. As the car moves, it applies a force to the air in front of it. The air applies an equal
force opposite to its direction of motion. This force is called air resistance. The air resistance on an object
increases as its speed increases. The other resistance force acting on the car is road friction. It opposes
the forward motion of the non-driving wheels, rotating them in the same direction as the driving wheels.
In the car in figure 1.9, the front wheels are the driving wheels. Road friction opposes the motion of the
rear wheels along the road and, therefore, the forward motion of the car. This road friction is an example of
static friction, which is considerably smaller than the kinetic or sliding
friction that acts if a wheel slips on the surface and spins.

The centre of mass

air resistance the force applied
to an object opposite to its
direction of motion, by the air
through which it is moving

road friction the force applied by
the road surface to the wheels of
a vehicle in a direction opposite
to the direction of motion of the
vehicle

centre of mass the point at
which all of the mass of an
object can be considered to be
positioned when modelling the
external forces acting on the
object

The forces on a moving car do not all act at the same point on the car. When
analysing the translational motion of an object (its movement across space
without considering rotational motion), all of the forces applied to an object
can be considered to be acting at one particular point. That point is the centre of
mass. The centre of mass of a symmetrical object with uniform mass distribution
is at the centre of the object. For example, the centre of mass of a ruler, a solid
ball or an ice cube is at the centre, unlike the centres of mass of asymmetrical
objects, such as a person or a car. Note that the centre of mass can also
lie outside of an object.
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AS A MATTER OF FACT

If you hold an object such as a ruler at its centre of mass, it will perfectly balance. However, the centre of
mass does not have to be within the object. For example, the centre of mass of a donut is in the middle of its
hole. A high jumper can improve her performance by manoeuvring her body over the bar so that her centre of
mass is below the bar. The centre of gravity of an object is a point through which the gravitational force can be
considered to act. For most objects near the Earth’s surface, it is reasonable to assume that the centre of mass
is at the same point as the centre of gravity. This is because the gravitational field strength is approximately
constant at the Earth’s surface.

FIGURE 1.10 Where is the centre of mass of a boomerang? Try balancing a boomerang in a horizontal plane
on one finger.

1.3.3 Applying Newton’s Second Law of Motion
Sample problem 4 shows how Newton’s Second Law of Motion can be applied to single objects or to a system
of two objects, often referred to as connected bodies.

Remember that when the problem involves connected bodies, the whole system, as well as each individual part
of the system, will have the same acceleration.

Tips for using Newton’s Second Law of Motion

1. Draw a simplified diagram of the system.
2. Clearly label the diagrams to represent the forces acting on each object in the system. Draw all the forces

as though they were acting through the centre of mass.
3. Apply Newton’s Second Law to the system and/or each individual object as required.

SAMPLE PROBLEM 4 Applying Newton’s Second Law of Motion
tlvd-8943

A car of mass 1600 kg starts from rest on a horizontal road with a forward driving force of
5400 N east. The sum of the forces resisting the motion of the car is 600 N.
a. Determine the acceleration of the car.
b. The same car is used to tow a 400 kg trailer with the same driving force as before. The sum of the

forces resisting the motion of the trailer is 200 N.
i. Determine the acceleration of the system of the car and the trailer.
ii. What is the magnitude of the force, Fct, exerted on the car by the trailer?
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THINK WRITE
a. 1. Determine the net force acting on the

car. The forward driving force is 5400 N
and the sum of the forces acting in the
negative direction is 600 N.

a. Fnet = Driving forcesFD −Resisting forces on carFrc

Fnet = 5400− 600= 4.80× 103 N

2. Apply Newton’s Second Law to determine
the acceleration of the car, where the net
force is 4800 N and the mass is 1600 kg.

Fnet = ma

a = Fnet

m= 4.80× 103

1600= 3.00 m s−2 east

b. i. • A diagram must be drawn to show the
forces acting on the car and trailer.
The vertical forces can be omitted
because their sum is zero. (If not,
there would be a vertical component of
acceleration.) Assign east as positive.

N

W E

S

Road frictionRoad friction

Direction of motion

Fct

Frt Frc FD

Ftc

Driving force

• Determine the net force acting on the
entire system.

b. i. Fnet = FD −Frc −Frt

Fnet = 5400− 600 − 200= 4600 N

• Apply Newton’s Second Law to
determine the acceleration of the
system, where the net force is 4600 N
and the mass of the system is 2000 kg.

Fnet = ma

a = Fnet

m= 4600

2000= 2.30 m s−2 east

ii. Newton’s Second Law can be applied to
either the car or the trailer to answer this
question.

ii. Fnet = ma= 1600× 2.30= 3.68× 103 N

• Method 1: Applying Newton’s Second
Law to the car

• Write an expression for the net
force acting on the car, and use it to
determine the magnitude of the force
exerted on the car by the trailer.

Fnet = 5400− 600−Fct where Fct is the magnitude
of the force exerted by the trailer on the car.
3680 = 5400− 600−Fct⇒Fct = 5400− 600− 3680= 1.12× 103 N

or
• Method 2: Applying Newton’s Second
Law to the trailer

Fnet = ma= 400× 2.30= 920 N
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• Write an expression for the net force
acting on the trailer, and use it to
determine the magnitude of the force
exerted on the trailer by the car.

Note: Fct =Ftc

Fnet = Ftc − 200
where Ftc is the magnitude of the force exerted on
the trailer by the car.

920 = Ftc− 200⇒Ftc = 920+ 200= 1.12× 103 N

PRACTICE PROBLEM 4

a. A car of mass 1400 kg tows a trailer of mass 600 kg north along a level road at constant speed. The
forces resisting the motion of the car and trailer are 400 N and 100 N respectively.

400 N100 N

i. Determine the forward driving force applied to the car.
ii.What is the magnitude of the tension in the bar between the car and the trailer?

b. If the car and trailer in part (a), with the same resistance forces, have a northerly acceleration of
2.0 m s−2, what is:
i. the net force applied to the trailer
ii. the magnitude of the tension in the bar between the car and the trailer
iii. the forward driving force applied to the car?

1.3.4 Feeling lighter — feeling heavier
As you sit reading this, the force due to gravity on you by the Earth

(

Fg =mg
)

is pulling you down towards the
centre of the Earth, but the chair is in the way. The material in the chair is being compressed and pushes up on
you. This force is called the normal force (FN) because it is perpendicular or normal to the surface. If these two
forces, the force due to gravity and the normal force, balance, then the net force on you is zero.

The normal force is responsible for the feeling of ‘heaviness’.

The greater the normal force, the ‘heavier’ you will feel.

You ‘feel’ the Earth’s pull on you because of Newton’s Third Law. The upward compressive force on you
by the chair is paired with the downward force on the chair by you. You sense this upward force through the
compression in the bones in your pelvis.

Fon you by chair =−Fon chair by you

What happens to these forces when you are in a lift? A lift going up initially accelerates upwards, then travels
at a constant speed (no acceleration) and finally slows down (the direction of acceleration is downwards). You
experience each of these stages differently.
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Accelerating upwards
When you are accelerating upwards, the net force on you is upwards. The only forces acting on you are the force
due to gravity downwards and the normal force by the floor acting upwards. The force due to gravity is not
going to change. So, if the net force on you is up, then the normal force on you must be greater than the force
due to gravity: FN >mg.

You ‘feel heavier’.

Accelerating downwards
When you are accelerating downwards, the net force on you is downwards. So, the normal force on you must
be less than the force on you due to gravity: FN <mg. You ‘feel lighter’. Note that if the lift were in free-fall,
the person would not experience a normal force from the floor of the lift, and she would experience ‘apparent
weightlessness’. This concept of absence of normal force will be revisited in subtopic 3.4, to explain astronauts
floating in space.

Note that ‘apparent weightlessness’ is no longer part of the study design.

FIGURE 1.11 The magnitude of the normal force determines how ‘heavy’ you feel.
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Resources

Interactivity Going up? (int-6606)

1.3.5 Motion on an incline FIGURE 1.12 The forces acting on a car
rolling down an inclined plane

Road fric
tion

and air re
sistance

Normal force, FN

Force due to gravity, Fg

The forces acting on objects on an inclined plane are similar to
those acting on the same objects on a level surface.

The forces acting on a car rolling down an inclined plane are
shown in figure 1.12. The car is considered to behave like
a single particle and the rotational motion of the wheels is
ignored.

Resolving forces into components
The net force on a car can be found by finding the vector
sum of the forces acting on it. Figure 1.13 shows how the force
due to gravity can be resolved (divided) into two components
— one parallel to the surface and one perpendicular to the
surface.
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FIGURE 1.13 Forces can be resolved
into components. In this case, the force
due to gravity has been resolved into two
components.

Road fric
tion and

air re
sistance

Components of

force due to gravity

Normal force

Force due to gravity

By resolving the force due to gravity into these components,
the motion of the car can be analysed. Consider the forces
perpendicular to the inclined plane in figure 1.13. The
magnitude of the normal force is equal to the component of the
force due to gravity that is perpendicular to the surface. These
forces balance each other out; therefore, the net force has no
perpendicular component. (Imagine what would happen if this
wasn’t the case!)

Now consider the forces parallel to the inclined plane. It can be
seen that the horizontal component of the force due to gravity is
greater than the sum of road friction and air resistance. The net
force is therefore parallel to the surface. The car will accelerate
down the slope, as the downslope force exceeds the smaller
upslope frictional force in the example.

SAMPLE PROBLEM 5 Calculating the normal reaction force and sum of resistance forces
tlvd-8944

A snow skier of mass 70 kg is moving down a slope inclined at 15∘ to the horizontal with a constant
velocity.
Determine the magnitude and direction of:
a. the normal force (FN)
b. the sum of the resistance forces (FR) acting on the skier.

THINK WRITE
a. 1. A diagram must be drawn to show

the forces acting on the skier. Note
that the forces have been drawn as
though they were acting through
the centre of mass of the skier but
remember that the normal force
and the friction forces act at the
surface between the slope and the
skis.

a.

15°

15°

Fg = Force due to gravity

FN = Normal

FR = Sum of resistance

  forces

FN

FR

Fg Fgx

Fgy

2. The perpendicular net force is
zero, so
FN =Fgy.
Use Fg = mg, where m = 70 kg
and g = 9.8 N kg–1.

FN = Fgy

= Fg cos 15°(since cos 15°= Fgy

Fg

⇒Fgy =Fg cos 15°)
= mg cos 15°= 70× 9.8× cos 15°= 663 N, rounded to 6.6× 102 N

The normal force is therefore 6.6× 102 N in the direction
perpendicular to the surface as shown (as we are
specifying the direction, we do not need to use a negative
sign).
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b. The skier has a constant velocity,
so the net force on the skier in the
direction parallel to the surface is
zero. Therefore, the magnitude of
the sum of resistance forces must
be equal to the component of the
force due to gravity that is parallel
to the surface, FR =Fgx.

b. FR = Fgx

= Fg sin 15°(since sin 15°= Fgx

Fg

⇒Fgx =Fg sin 15°)
= mg sin 15°= 70× 9.8× sin 15°= 178 N, rounded to 1.8× 102 N

The sum of the resistance forces (air resistance and
friction) acting on the skier is 1.8× 102 N opposite to the
direction of motion.

PRACTICE PROBLEM 5

a. A cyclist rides at constant velocity up a hill that is inclined at 15∘ to the horizontal. The total mass
of the cyclist and bicycle is 90 kg. The sum of the resistive forces on the cyclist and bicycle is 20 N.
Determine:
i. the forward driving force provided by the road on the bicycle
ii. the normal force.

b. If the cyclist in part (a) coasts down the same hill with a constant total resistance of 50 N, what is
the cyclist’s acceleration?

1.3 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 
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Find all this and MORE in jacPLUS 

1.3 Quick quiz 1.3 Exercise 1.3 Exam questions

1.3 Exercise

1. Draw a sketch (the length of the arrows should give a rough indication of relative size of the force) showing all
the forces acting on a tennis ball while it is:
a. falling to the ground
b. in contact with the ground just before rebounding upwards
c. on its upward path after bouncing on the ground.

2. A coin is allowed to slide with a constant velocity down an inclined plane as
shown in the diagram. Which of the arrows A to G on the diagram represents
the direction of each of the following? Write X if no direction is correct.
a. The force due to gravity on the coin
b. The normal force
c. The net force

3. A child pulls a 4.0-kg toy cart along a horizontal path with a rope so that the
rope makes an angle of 30° with the horizontal. The tension in the rope is
12 N.
a.What is the force due to gravity acting on the toy cart?
b.What is the component of tension in the direction of motion?
c.What is the magnitude of the normal force?

B

A
C

D

F

G

E
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4. A 200-kg dodgem car is driven due south into a rigid barrier at an initial speed of 5.0 m s−1. The dodgem
rebounds at a speed of 2.0 m s−1. It is in contact with the barrier for 0.20 s. Calculate:
a. the average acceleration of the car during its interaction with the barrier
b. the average net force applied to the car during its interaction with the barrier.

5. A 1500-kg car is resting on a slope inclined at 20° to the horizontal. It has been left out of gear, so the only
reason it doesn’t roll down the hill is that the handbrake is on.
a. Draw a labelled diagram showing the forces acting on the car.
b. Calculate the magnitude of the normal force. Give your answer to 2 significant figures.
c. What is the net force acting on the car?
d. What is the magnitude of the frictional force acting on the car? Give your answer to 2 significant figures.

6. An experienced downhill skier with a mass of 60 kg (including skis) moves in a straight line down a slope
inclined at 30° to the horizontal with a constant speed of 15 m s−1.
a. What is the direction of the net force acting on the skier?
b. What is the magnitude of the resistive forces opposing the skier’s motion? Give your answer to 2 significant

figures.
7. A 70.0-kg waterskier is towed in a northerly direction by a 350-kg speedboat. The frictional forces opposing

the forward motion of the waterskier total 240 N.
a. If the waterskier has an acceleration of 2.0 m s−2 due north, what is the tension in the rope towing the

waterskier?
b. If the frictional forces opposing the forward motion of the speedboat are increased to total 600 N, what is

the thrust force applied to the boat due to the action of the motor?
8. A 0.3-kg magpie flies towards a very tight plastic wire on a clothes line. The wire is perfectly horizontal and is

stretched between poles 4.0 m apart. The magpie lands on the centre of the wire, depressing it by a vertical
distance of 4.0 cm. What is the magnitude of the tension in the wire?

9. An old light globe hangs by a wire from the roof of a train. What angle does the globe make with the vertical
when the train is accelerating at 1.5 m s−2?

1.3 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.7; © VCAA

MC A railway truck (X) of mass 10 tonnes, moving at 3.0 m s–1, collides with a stationary railway truck (Y), as
shown in the diagram below.

After the collision, they are joined together and move off at speed v = 2.0 m s–1.

 

X

(10 tonnes)

3.0 m s–1

2.0 m s–1

stationary

Y

X Y
v

After collision

Before collision

Which one of the following best describes the force exerted by the railway truck X on the railway truck Y (FX on Y)
and the force exerted by the railway truck Y on the railway truck X (FY on X) at the instant of collision?
A. FX on Y < FY on X

B. FX on Y = FY on X

C. FX on Y = − FY on X

D. FX on Y > FY on X
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Question 2 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.9; © VCAA

MC Two students pull on opposite ends of a rope, as shown in the diagram below. Each student pulls with a
force of 400 N.

Which one of the following is closest to the magnitude of the force of the rope on each student?
A. 0 N
B. 400 N
C. 600 N
D. 800 N

Question 3 (5 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.8; © VCAA

A car is driving up a uniform slope with a trailer attached, as shown in Figure 11. The slope is angled at 15° to the
horizontal. The trailer has a mass of 200 kg and the car has a mass of 750 kg. Ignore all retarding friction forces
down the slope.

15°

car

coupling

Figure 11

trailer

a. On Figure 12 below, draw labelled arrows to indicate the direction of the forces acting on the trailer. The labels
should also indicate the kind of force that each arrow represents. (3 marks)

trailer

Figure 12

15°

b. The car and trailer are travelling at a constant speed of 8 m s–1 up the slope.
Calculate the magnitude of the force that the car exerts on the trailer. Show your working. (2 marks)
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Question 4 (2 marks)
Source: VCE 2016, Physics Exam, Q.1.a; © VCAA

A train consists of an engine of mass 20 tonnes (20 000 kg) towing one wagon of mass 10 tonnes (10 000 kg), as
shown in the figure.

 

direction of motion
coupling

The train accelerates from rest with a constant acceleration of 0.10 m s–2.

Calculate the speed of the train after it has moved 20 m. Show your working.

Question 5 (2 marks)
Source: VCE 2015, Physics Exam, Q.2.a; © VCAA

Students set up an experiment as shown in the figure.

M1, of mass 4.0 kg, is connected by a light string (assume it has no mass) to a hanging mass, M2, of 1.0 kg.

The system is initially at rest. Ignore mass of string and friction.

 

M1

1.0 kg M2

4.0 kg

The masses are released from rest.

Calculate the acceleration of M1.

More exam questions are available in your learnON title.

1.4 Projectile motion

KEY KNOWLEDGE

• Investigate and analyse theoretically and practically the motion of projectiles near Earth’s surface, including a
qualitative description of the effects of air resistance.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

Any object that is launched into the air is a projectile. A basketball thrown towards a goal, a trapeze artist
soaring through the air, and a package dropped from a helicopter are all examples of projectiles.

Except for those projectiles whose motion is initially straight up or down, or those that have their own power
source (such as a guided missile), projectiles generally follow a parabolic path. Deviations from this path can be
caused either by air resistance, by the spinning of the object or by wind. These effects are often small and can be
ignored in many cases. A major exception, however, is the use of spin in many ball sports, but this effect will not
be dealt with in this title.
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1.4.1 Falling down
Imagine a ball that has been released some distance above the ground. Once the ball
is set in motion, the only forces acting on it are the force due to gravity (straight
down) and air resistance (straight up).

After the ball is released, the projection device (hand, gun, slingshot or whatever)
stops exerting a force on the ball.

The net force on the ball in figure 1.14 is downwards. As a result, the ball accelerates
downwards. If the size of the forces and the mass of the ball are known, the
acceleration can be calculated using Newton’s Second Law of Motion.

Often the force exerted on the ball by air resistance is very small in comparison to
the force of gravity, and so can be ignored. This makes it possible to model projectile
motion by assuming gravity is the only force on it so its acceleration is 9.8 m s−2

downwards.

FIGURE 1.14 The
forces acting on a ball
falling downwards

Force due to gravity

Air resistance

Velocity

SAMPLE PROBLEM 6 Calculating the time and distance for an object to fall from a
stationary objecttlvd-8945

A helicopter delivering supplies to a flood-stricken farm hovers 100 m above the ground. A package of
supplies is dropped from rest, just outside the door of the helicopter. Air resistance can be ignored.
a. Calculate how long it takes the package to reach the ground.
b. Calculate how far from its original position the package has fallen after 0.50 s, 1.0 s, 1.5 s, 2.0 s and

so on until it hits the ground. (A spreadsheet could be used here.) Draw a scale diagram of the
package’s position at half-second intervals.

THINK WRITE

a. 1. List the known information. a. u = 0 m s−1, s = 100 m, a = 9.8 m s−2

2. Use the rule s=ut+ 1

2
at2 to determine

the time taken for the package to reach the
ground. (Note: The negative square root can
be ignored as time will be positive.)

s = ut+ 1

2
at2

100 = 0× t+ 1

2
(9.8)t2

100

4.9 = t2

t = √

100

4.9
t = 4.5 s

b. 1. Look at the position of the package after
0.50 s. List the known information.

b. t = 0.50 s, u = 0 m s−1, a = 9.8 m s−2

2. Use the rule s=ut+ 1

2
at2 to determine the

distance the package has travelled between
t = 0.00 s and t = 0.50 s.

s = ut+ 1

2
at2

= 0× 0.5+ 1

2
(9.8) (0.5)2= 1.2m
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3. Repeat this for t = 1.0 s, 1.5 s, 2.0 s and so
on until the package hits the ground, and list
the results in a table.

Time (s) 0.50 1.0 1.5 2.0

Vertical distance (m) 1.2 4.9 11 20

Time (s) 2.5 3.0 3.5 4.0 4.5

Vertical distance (m) 31 44 60 78 99

4. Draw a scale diagram of the package’s
position at half-second intervals.
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Ground

PRACTICE PROBLEM 6

A camera is dropped by a tourist from a lookout and falls vertically to the ground. The thud of the
camera hitting the hard ground below is heard by the tourist 3.0 seconds later. Air resistance and the
time taken for the sound to reach the tourist can be ignored.
a. How far did the camera fall?
b. What was the velocity of the camera when it hit the ground?
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Terminal velocity

terminal velocity velocity
reached by a falling object
when the upward air resistance
becomes equal to the downward
force of gravity

The air resistance on a falling object increases as its velocity increases. An object
falling from rest initially experiences no air resistance. Eventually, if the object
doesn’t hit a surface first, the air resistance will become as large as the force due
to gravity acting on the object. The net force on it becomes zero and the object
continues to fall with a constant velocity, referred to as its terminal velocity.

Resources

Video eLessons Ball toss (eles-0031)
Air resistance (eles-0035)

1.4.2 Moving and falling

Moving and falling
If a ball is thrown horizontally, as in
figure 1.15, the only force acting on the
ball once it has been released is the force
due to gravity (ignoring air resistance). As
the force of gravity is the same regardless
of the motion of the ball, the ball will still
accelerate downwards at the same rate
as if it were dropped. There will not be
any horizontal acceleration as there is no
net force acting horizontally. This means
that, while the ball’s vertical velocity will
change, its horizontal velocity remains the
same throughout its motion.

It is the constant horizontal velocity
and changing vertical velocity that give
projectiles their characteristic parabolic
motion.

FIGURE 1.15 Position of a ball at constant time intervals

The horizontal velocity remains the

same (i.e. there is no acceleration)

The vertical 

velocity 

increases

(i.e. object

accelerates)

Notice that the vertical distance travelled by the ball in each time period increases, but that the horizontal
distance is constant.

In modelling projectile motion, the vertical and horizontal components of the motion are treated separately.
1. The total time taken for the projectile motion is determined by the vertical part of the motion as the

projectile cannot continue to move horizontally once it has hit the ground, the target or whatever else it
might collide with.

2. This total time can then be used to calculate the horizontal distance, or range, over which the projectile
travels.

SAMPLE PROBLEM 7 Calculating the time and distance for an object to fall from a
moving objecttlvd-8946

Imagine that the helicopter described in sample problem 6 is not stationary but is flying at a slow and
steady speed of 20 m s−1 and is 100 m above the ground when the package is dropped.
a. Calculate how long it takes the package to hit the ground.
b. What is the range of the package?
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c. Calculate the vertical distance the package has fallen after 0.50 s, 1.0 s, 1.5 s, 2.0 s and so on until
the package has reached the ground. (You may like to use a spreadsheet here.) Then calculate the
corresponding horizontal distance, and hence draw a scale diagram of the package’s position at
half-second intervals.

THINK WRITE
a. 1. Remember, the horizontal

and vertical components of
the package’s motion must be
considered separately. In this
part of the question, the vertical
component is important.

a. u = 0 m s−1, s = 100 m, a = 9.8 m s−2

2. Use the rule s=ut+ 1

2
at2 to

determine the time taken for the
package to reach the ground.

s = ut+ 1

2
at2

100 = 0× t+ 1

2
(9.8) t2

100

4.9 = t2

t =√

100

4.9
t = 4.5s

(Note: The positive square root is taken, as the
concern is only with what happens after t = 0.)

b. 1. The range of the package is the
horizontal distance over which
it travels. It is the horizontal
component of velocity that
must be used here. List the
known information in relation
to the horizontal motion of the
helicopter.

b. u = 20 m s−1 (The initial velocity of the
package is the same as the velocity of the
helicopter it was travelling in.)
a= 0 m s−2 (No forces act horizontally so there
is no horizontal acceleration.)
t= 4.5 s (from part (a) of this example)

2. Use the rule s=ut+ 1

2
at2

to determine the horizontal
distance over which the
package travels.

s = ut+ 1

2
at2= 20× 4.5+ 0= 90 m

c. 1. For t = 0.50 s, list the known
information regarding the
vertical and horizontal motions
separately. Use the rule s=
ut+ 1

2
at2 to determine the

vertical and horizontal distance
over which the package travels.

c. Vertical component

u = 0 m s−1, t = 0.50 s, a = 9.8 m s−2

s = ut+ 1

2
at2

= 0× 0.5+ 1

2
(9.8) (0.50)2= 1.2 m

Horizontal component

u = 20 m s−1, t = 0.50 s, a = 0 m s−2

s = ut+ 1

2
at2= 20× 0.50+ 0= 10 m
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2. Repeat the calculations for
t = 1.0 s, 1.5 s, 2.0 s and so
on until the package reaches the
ground.

Time (s)

Vertical
distance

(m)

Horizontal
distance

(m)

0.5 1.2 10

1.0 4.9 20

1.5 11.0 30

2.0 20.0 40

2.5 31.0 50

3.0 44.0 60

3.5 60.0 70

4.0 78.0 80

4.5 99.0 90

3. Draw a scale diagram of
the package’s position at
half-second intervals.

1.2
0.0

99

0 10 20 30 40 50

Horizontal distance (m)

60 70 80 90

78

60

44

31

20

11

4.9

V
e

r
ti

c
a

l 
d

is
ta

n
c

e
 (

m
)

TOPIC 1 Newton’s laws of motion 33



PRACTICE PROBLEM 7

A ball is thrown horizontally at a speed of 40 m s−1 from the top of a cliff into the ocean below and
takes 4.0 seconds to land in the water. Air resistance can be ignored.
a. What is the height of the cliff above sea level if the thrower’s hand releases the ball from a height of

2.0 metres above the ground?
b. What horizontal distance did the ball cover?
c. Calculate the vertical component of the velocity at which the ball hits the water.
d. At what angle to the horizontal does the ball strike the water?

INVESTIGATION 1.1
elog-1694

tlvd-10809

Modelling projectile motion

Aim

To model projectile motion by studying the motion of a ball bearing projected onto an inclined plane

INVESTIGATION 1.2
elog-1695

tlvd-10810

The drop zone

Aim

To explore the relationship between the initial speed of a horizontally launched object and its range

Resources

Digital document eModelling: Falling from a helicopter (doc-0005)

1.4.3 What goes up must come down
Most projectiles are set in motion with an initial velocity. The simplest case is that of a ball thrown vertically
upwards. When the ball leaves the hand, the only force acting on the ball is the force due to gravity (ignoring air
resistance). The ball accelerates downwards. Initially, this results in the ball slowing down. Eventually, it comes
to a stop, then begins to move downwards, speeding up as it goes.

When air resistance is ignored, at the same height up or down, the speed will be the same. Therefore, if a ball
is thrown upwards and its final height is the same as its initial height, the ball will return with the same speed
with which it was projected. Throughout the motion illustrated in figure 1.16 (graphs are shown in figure 1.17),
the acceleration of the ball is a constant 9.8 m s−2 downwards. A common error made by physics students is to
suggest that the acceleration of the ball is zero at the top of its flight. If this were true, would the ball ever come
down? The velocity is zero but not the acceleration. Remember, acceleration is the rate of change of velocity.
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FIGURE 1.16 The motion of a ball projected
vertically upwards

a. Going up b. Going down

v

v = 0

a = 9.8 m s–2

v = 0

a = –9.8 m s–2

v

FIGURE 1.17 Graphs of motion for a
ball thrown straight upwards

s (m)

t (s)

a.

v (m s−1)

t (s)

Top of flight

Top of flight

b.

a (m s−2)

t (s)

c.

−9.8

v

AS A MATTER OF FACT

The axiom ‘what goes up must come down’ applies equally so to bullets as it does to balls. Unfortunately, this
means that people sometimes get killed when they shoot guns straight up into the air. If the bullet left the gun at a
speed of 60 m s−1, it will return to Earth at that speed. This speed is fast enough to kill a person who is hit by the
returning bullet.

SAMPLE PROBLEM 8 Examining the displacement, velocity and acceleration of a dancer
tlvd-8947

A dancer jumps vertically upwards with an initial velocity of 4.0 m s−1. Assume the dancer’s centre of
mass was initially 1.0 m above the ground, and ignore air resistance.
a. How long did the dancer take to reach her maximum height?
b. What was the maximum displacement of the dancer’s centre of mass?
c. What is the acceleration of the dancer at the top of her jump?
d. Calculate the velocity of the dancer’s centre of mass when it returns to its original height above the

ground.
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THINK WRITE

a. 1. List the known information regarding the
dancer’s upward motion. Assign up as
positive and down as negative.

a. u = 4.0 m s−1, a = −9.8 m s−2, v = 0 m s−1 (as
the dancer comes to a halt at the highest point
of the jump)

2. Use the rule v=u+ at to determine the time
taken for the dancer to reach her maximum
height.

v = u+ at
0 = 4.0+ (−9.8)× t⇒ t = 4.0

9.8= 0.41 s
The dancer takes 0.41 s to reach her highest
point.

b. 1. List the known information regarding the
dancer’s upward motion.

b. u = 4.0 m s−1, a = −9.8 m s−2, v = 0 m s−1 (as
the dancer comes to a halt at the highest point
of the jump)

2. Use the rule v2 =u2 + 2as to determine the
displacement over the upward part of the
dancer’s motion.

v2 = u2 + 2as

(0)2 = (4.0)2 + 2 (−9.8) s
16 = 19.6s⇒ s = 0.82 m

The maximum displacement of the dancer’s
centre of mass is 0.82 m.

c. At the top of the jump, the only force acting
on the dancer is the force of gravity (but
gravity acts at all other points of the jump
too). Therefore, the acceleration of the dancer
is acceleration due to gravity.

c. 9.8 m s−2 downwards

d. 1. For this calculation, only the downward
motion needs to be investigated. List the
known information regarding the dancer’s
downward motion. (Alternatively, you could
look at the whole motion rather than using
previously calculated values.)

d. u = 0 m s−1, a = −9.8 m s−2, s = −0.82 m (as
the motion is downwards)

2. Use the rule v2 =u2 + 2as to determine the
dancer’s velocity when she returns to the
ground. (Note: Here, the negative square root
is used, as the dancer is moving downwards.
Remember, the positive and negative signs
show direction only.)

v2 = u2 + 2as

v2 = (0)2 + 2 (−9.8) (−0.82)

v2 = 16.072⇒ v = −4.0 ms−1

The velocity of the dancer’s centre of mass
when it returns to its original height is
4.0 m s−1 downwards.
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PRACTICE PROBLEM 8

A basketball player jumps vertically upwards so that his centre of mass reaches a maximum
displacement of 50 cm.
a. What is the velocity of the basketballer’s centre of mass when it returns to its original height above

the ground?
b. For how long was the basketballer’s centre of mass above its original height?

HANGING IN MID AIR

Sometimes dancers, basketballers and high jumpers seem to hang in mid air. It is as though the force of gravity
had temporarily stopped acting on them. Of course this is not so! It is only the person’s centre of mass that
moves in a parabolic path. The arrangement of the person’s body can change the position of the centre of mass,
causing the body to appear to be hanging in mid air even though the centre of mass is still following its
original path.

High jumpers can use this effect to increase the height of their jumps. By bending her body as she passes over
the bar, a high jumper can cause her centre of mass to be outside her body! This allows her body to pass over
the bar, while her centre of mass passes under it. The amount of energy available to raise the high jumper’s
centre of mass is limited, so she can raise her centre of mass only by a certain amount. This technique allows her
to clear a higher bar than other techniques for the same amount of energy.

FIGURE 1.18 Croatian high jumper Ana Simic’s centre of mass passes under the bar, while her body passes
over the bar!
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1.4.4 Shooting at an angle
Generally, projectiles are shot, thrown or driven at some angle to the
horizontal. In these cases, the initial velocity may be resolved into its
horizontal and vertical components to help simplify the analysis of the
motion.

If the velocity and the angle to the horizontal are known, the size of the
components can be calculated using trigonometry.

The motion of projectiles with an initial velocity at an angle to the
horizontal can be dealt with in exactly the same manner as those with
a velocity straight up or straight across. Once the initial velocity has
been separated into its vertical and horizontal components, the vertical
and horizontal motion can be analysed separately. The time of flight
must be the same for both the vertical and horizontal motion and this is
often used to link them when solving problems.

FIGURE 1.19 The velocity can
be resolved into a vertical and a
horizontal component.

θ

vhorizontal = v cos θ

vvertical = v sin θ
v

Projectile motion calculations

Tips for projectile motion calculations

• Draw a diagram and to write down all known information that you can identify.
• Always separate the motion into vertical and horizontal components.
• Remember to resolve the initial velocity into its components if necessary.
• The time in flight is the link between the separate vertical and horizontal components of the motion.
• At the end of any calculation, check to see if the quantities you have calculated are reasonable.

SAMPLE PROBLEM 9 Calculating a ramp jump
tlvd-8948

A stunt driver is trying to drive
a car over a small river. The car
will travel up a ramp (at an angle
of 40∘) and leave the ramp at
22 m s−1 before landing back at
its initial height. The river is 50 m
wide. Will the car make it?

40° 40°

50 m

RiverVelo
city

 =
 2

2m
 s

−
1

THINK WRITE

1. Before either part of the motion can be
examined, it is important to calculate the
vertical and horizontal components of the
initial velocity. Assign up as positive and down
as negative.

40°

vhorizontal = 22 cos 40°

= 17 m s−1

= 14 m s−1

vvertical = 22 sin 40°

v = 22 m s−1

Therefore, the initial vertical velocity is 14 m s−1and
the initial horizontal velocity is 17 m s−1.
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2. The vertical motion is used to calculate the
time in the air. Use the first half of the
motion — from take-off until the car has
reached its highest point.
(It is possible to double the time in this
situation because air resistance has been
ignored. The two parts of the motion are
symmetrical.)

Vertical component

u = 14 m s−1, a = −9.8 m s−2, v = 0 m s−1 (as the
car comes to a vertical halt at its highest point):
v = u+ at
0 = 14+ (−9.8)× t⇒ t = 14−9.8= 1.4 s
As this is only half the motion, the total time in the air
is 2.8 s.

3. The horizontal component is used to calculate
the range.

Horizontal component
u = 17 m s−1, t = 2.8 s, a = 0 m s−2:
s = ut= 17× 2.8= 48m
Therefore, the unlucky stunt driver will fall short of
the second ramp and will land in the river. Perhaps the
study of physics should be a prerequisite for all stunt
drivers!

PRACTICE PROBLEM 9

A hockey ball is hit towards the goal at an angle of 25∘ to the ground with an initial speed of
32 km h−1.
a. What are the horizontal and vertical components of the initial velocity of the ball?
b. How long does the ball spend in flight?
c. What is the range of the hockey ball?

Resources

Digital documents eModelling: Free throw shooter (doc-0006)
eModelling: Modelling a stunt driver (doc-0007)

1.4.5 The real world — including air resistance
So far in this topic, the effects of air resistance have been ignored so that projectile motion can easily be
modelled. The reason the force of air resistance complicates matters so much is that it is not constant throughout
the motion. It depends on a number of factors. Consider what differences you might expect when you throw a
crumpled-up piece of paper versus when you throw a cricket ball. Or, the difference between throwing a cricket
ball in humid air conditions and dry air conditions.

The impact of air resistance can be influenced by the velocity (v) of the object — the faster an object moves, the
greater the air resistance. The size of the object in cross-section to the direction it is being thrown also has an
impact — the greater the area, the greater the air resistance. Related to the size of the object is the shape of the
object — objects that are more streamlined will experience less air resistance. Finally, the density of the air can
impact air resistance — the more dense the air, the greater the air resistance.
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FIGURE 1.20 While the magnitude of air resistance changes throughout the motion, it always opposes the
direction of the motion. Note that the projectile has a steeper descent than its initial ascent when air resistance is
taken into consideration.

Path of a

projectile

without air
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Path of a projectile

with air resistanceFa.r.

Fa.r.
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Resources

Weblink Projectile motion applet

1.4 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions
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results and 

progress

Find all this and MORE in jacPLUS 

1.4 Quick quiz 1.4 Exercise 1.4 Exam questions

1.4 Exercise

1. A ball has been thrown directly upwards. Draw the ball at three points during its flight (going up, at the top
and going down) and mark on the diagram(s) all the forces acting on the ball at each stage.

2. Ignoring air resistance, the acceleration of a projectile in flight is always the same, whether it is going up or
down. Use graphs of motion to show why this is true.

3. In each of the following cases, calculate the magnitude of the vertical and horizontal components of the
velocity.
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50°

v = 20 m s–1

a.

23°

v = 11 m s–1

b.

v = 5 m s–1

c.

v = 10 km h–1d.

v = 33 m s–1

60°

e.

4. After taking a catch, a cricketer throws the cricket ball up into the air in jubilation.
a. The vertical velocity of the ball as it leaves her hands is 18.0 m s−1. How long will the ball take to return to

its original position?
b.What was the ball’s maximum vertical displacement?
c. Draw vectors to indicate the net force on the ball (ignoring air resistance),

i. the instant it left her hands
ii. at the top of its flight
iii. as it returns to its original position.

5. A friend wants to get into the Guinness Book of Records by
jumping over 11 people on his pushbike and landing on the
other side at the same height he jumped from. He has set up
two ramps as shown in the following figure, and has allowed a
space of 0.5 m within which each person can lie down. In
practice attempts, he has averaged a speed of 7.0 m s−1 at
the top of the ramp. Will you lie down as the eleventh person
between the ramps? Justify your answer using physics
calculations.

45°

v

you

6. A skateboarder jumps a horizontal distance of 2.0 m (starting from the ground), taking off at a speed of
5.0 m s−1. The jump takes 0.42 s to complete.
a.What was the skateboarder’s initial horizontal velocity?
b.What was the angle of take-off?
c.What was the maximum height above the ground reached during the jump?

7. During practice, a soccer player shoots for goal. The
goalkeeper is able to stop the ball only if it is more than 30 cm
beneath the crossbar. The ball is kicked at an angle of 45°
with a speed of 9.8 m s−1. The arrangement of the players is
shown in the following diagram.

v
 =

 9
.8

m
 s

–
1

45°

0.30 m

2.0 m

7.0 m

a. How long does it take the ball to reach the top of its flight?
b. How far vertically and horizontally has the ball travelled

at this time?
c. How long does it take the ball to reach the soccer net from the

top of its flight?
d.Will the ball go into the soccer net, over it, or will the goalkeeper

stop it?
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8. A motocross rider rides over the jump shown in the following diagram at a speed of 50 km h−1.

v = 50 km h–1

35°

0.80 m

a. How long does it take the bike to reach the top of its flight?
b. How far vertically and horizontally has the bike travelled at this time?
c. How long does it take the bike to reach the ground from the top of its flight?
d. What is the total range of the jump?

9. A water skier at the Moomba Masters competition in Melbourne leaves a ramp at a speed of 50 km h−1 and
at an angle of 30°. The edge of the ramp is 1.7 m above the water. Calculate:
a. the range of the jump
b. the velocity at which the jumper hits the water.

(Hint: Split the waterskier’s motion into two sections, before the highest point and after the highest point,
to avoid solving a quadratic equation.)

10. A gymnast wants to jump a horizontal distance of 2.5 m, leaving the ground at an angle of 28°. With what
speed must the gymnast take off?

11. A horse rider wants to jump a stream that is 3.0 metres wide. The horse can approach the stream with a
speed of 7.0 m s−1. At what angle must the horse take off? (This question is a challenge. Hint: You will need
to use trigonometric ratios from mathematics, or model the situation using a spreadsheet to solve this
problem.)

1.4 Exam questions

Question 1 (6 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.10; © VCAA

A basketball player throws a ball with an initial velocity of 7.0 m s–1 at an angle of 50° to the horizontal, as shown
in Figure 7. The ball is 2.2 m above the ground when it is released. By the time the ball passes through the ring at
the top of the basket, it has travelled a horizontal distance of 3.2 m. Ignore air resistance.

 

ring

3.2 m

2.2 m

Figure 7

50°

7.0 m s
–1

a. Show that the time taken for the ball’s flight from launch to passing through the ring is 0.71 s. Show
your working. (2 marks)

b. How far above the ground is the ring at the top of the basket? Show your working. (4 marks)
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Question 2 (6 marks)
Source: VCE 2018 Physics Exam, Section B, Q.7; © VCAA

A small ball of mass 0.20 kg rolls on a horizontal table at 3.0 m s–1, as shown in Figure 9.

The ball hits the floor 0.40 s after rolling off the edge of the table. The radius of the ball may be ignored. In this
question, take the value of g to be 10 m s–2.

 

3.0 m s–1

Figure 9

a. Calculate the horizontal distance from the right-hand edge of the table to the point where the ball
hits the floor. (1 mark)

b. Calculate the height of the table. Show your working. (2 marks)
c. Calculate the speed at which the ball hits the floor. Show your working. (3 marks)

Question 3 (3 marks)
Source: VCE 2017 Physics Exam, Section B, Q.9a; © VCAA

Students use a catapult to investigate projectile motion. In their first experiment, a ball of mass 0.10 kg is fired
from the catapult at an angle of 30° to the horizontal. Ignore air resistance. In this first experiment, the ball leaves
the catapult at ground level with a speed of 20 m s–1.

However, instead of reaching the ground, the ball strikes a wall 26 m from the launching point, as shown in
Figure 8a. Figure 8b shows an enlarged view of the catapult.

 

u = 20 m s–1

catapult wall

26 m

Figure 8a

Figure 8b

20 m s–1

30°

trajectory

catapult

firing angle from
horizontal

Calculate the height of the ball above the ground when it strikes the wall. Show your working

Question 4 (7 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.6; © VCAA

A rock of mass 2.0 kg is thrown horizontally from the top of a vertical cliff 20 m high with an initial speed of
25 m s–1, as shown in Figure 3.

 

20 m

u = 25 m s–1

base of cliff

Figure 3

trajectory

sea
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a. Calculate the time taken for the rock to reach the sea. Show your working. (3 marks)
b. Calculate the horizontal distance from the base of the cliff to the point where the rock reaches the sea.

Show your working. (2 marks)
c. Calculate the kinetic energy of the rock as it reaches the surface of the sea. Show your working. (2 marks)

Question 5 (3 marks)
Source: VCE 2016, Physics Exam, Q.5.a; © VCAA

A ball is projected from the ground at an angle of 30° to the horizontal and at a speed of 40 m s–1, as shown in
the figure. Ignore any air resistance.

 
d

30°

40 m s
–1

Calculate the distance, d, to the point where the ball hits the ground. Show your working.

More exam questions are available in your learnON title.

1.5 Uniform circular motion

KEY KNOWLEDGE

• Investigate and analyse theoretically and practically the uniform circular motion of an object moving in a

horizontal plane

(

Fnet= mv2

r

)

including:

• a vehicle moving around a circular road
• a vehicle moving around a banked track
• an object on the end of a string.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

FIGURE 1.21 The motion of satellites around Earth
can be modelled as circular motion with a constant
speed.

Uniform circular motion is the motion of an object
in a circle at constant speed, such as traffic at
roundabouts, children on merry-go-rounds and
cyclists in velodromes. If you stop to think about it,
you are always going around in circles as a result of
Earth’s rotation.

The satellites orbiting Earth, including the Moon,
travel in ellipses. However, their orbits can be
modelled as circular motion. This motion is covered
in subtopic 3.4, when gravitational forces are closely
explored.

This section will investigate and analyse the uniform
circular motion of objects moving in a horizontal
plane. In doing so, the way that the variables of
motion are calculated will need to account for the fact
that the motion is circular, rather than in a straight
line. Examples include a vehicle moving around a
circular road, a vehicle moving around a banked track
and an object at the end of a string.
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1.5.1 Period and frequency

period time taken for an object,
moving in a circular path and at a
constant speed, to complete one
revolution

frequency number of revolutions
that an object completes each
second

The time taken for an object, moving in a circular path and at a constant speed,
to complete one revolution is called the period, T. The number of revolutions the
object completes each second is called the frequency, f.

f= 1

T
and T= 1

f

where: f is the frequency in Hertz (Hz)

T is the period in seconds (s)

1.5.2 Instantaneous velocity FIGURE 1.22 A dog running in circles at a constant
speed will have a constantly changing instantaneous
velocity but an average velocity of zero, assuming the
dog’s starting and stopping positions are the same.

Imagine this scenario: Ralph the dog is chained
to pole in the backyard while his owner does the
gardening (don’t worry — the chain is long enough
so that he can still move around). A neighbourhood
cat likes to tease him and makes Ralph run around in
circles at a constant speed. Ralph’s owner, Julie, is a
physics teacher. She knows that no matter how great
Ralph’s average speed, if he always ends up in the
same place his average velocity is always zero.

Although Ralph’s average velocity for a single lap
is zero, his instantaneous velocity is continually
changing. Velocity is a vector and has a magnitude
and direction. While the magnitude of Ralph’s
velocity may be constant, the direction is continually
changing. At one point, Ralph is travelling east, so his instantaneous velocity is in an easterly direction. A short
time later, he will be travelling south, so his instantaneous velocity is in a southerly direction.

If Ralph could maintain a constant speed, the magnitude of his velocity would not change, but the direction
would be continually changing.

The speed is therefore constant and can be calculated using the formula speed= d

t
, where d is the distance

travelled, and t is the time interval. It is most convenient to use the period of the object travelling in a
circle. Thus:

FIGURE 1.23 An object moving in circular motion

Distance = 2πr

r

v
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speed = d

t= circumference

period= 2𝜋r
T

where: r = radius of the circle
T = period

SAMPLE PROBLEM 10 Determining the average speed and instantaneous velocity in a
uniform circular motiontlvd-8949

Ralph’s chain is 7.0-m long and attached to a small post in the middle of
the garden. It takes an average of 9 s to complete one lap.
a. What is Ralph’s average speed?
b. What is Ralph’s average velocity after three laps?
c. What is Ralph’s instantaneous velocity at point A? (Assume he travels

at a constant speed around the circle.)
7.0 m

N

A

S

EW

THINK WRITE

a. 1. To calculate Ralph’s speed, the distance he
has travelled is required. Use the formula for
the circumference of a circle: distance = 2𝜋r.

a. distance = 2𝜋r= 2𝜋× 7.0 m= 44 m

2. Now the average speed can be calculated. speed = d

t= 44

9= 5 m s−1

The average speed is 5 m s−1.

b. After three laps, Ralph is in exactly the same
place as he started, so his displacement is
zero. No matter how long he took to run these
laps, his average velocity would still be zero,

as vav = ΔxΔt .

b. vav = ΔxΔt= 0

3× 9= 0 m s−1

c. Ralph’s speed is a constant 5 m s−1 as he
travels around the circle. At point A, the
magnitude of his instantaneous velocity is
also 5 m s−1.

c. At point A, Ralph’s velocity is 5 m s−1 north.
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PRACTICE PROBLEM 10

A battery-operated toy car completes a single lap of a horizontal circular track in 15 s with an
average speed of 1.3 m s−1. Assume that the speed of the toy car is constant.
a. What is the radius of the track?
b. What is the magnitude of the toy car’s instantaneous velocity halfway through the lap?
c. What is the average velocity of the toy car after half of the lap has been completed?
d. What is the average velocity of the toy car over the entire lap?

1.5.3 Changing velocities and accelerations

FIGURE 1.24 The hammer is always
accelerating while it moves in a circle.

As all objects with changing velocities are experiencing an
acceleration, this means all objects that are moving in a circle
are accelerating.

An acceleration can be caused only by an unbalanced force, so
non-zero net force is needed to move an object in a circle. For
example, a hammer thrower must apply a force to the hammer
to keep it moving in a circle. When the hammer is released, this
force is no longer applied and the hammer moves off with the
velocity it had when released. The hammer will then experience
projectile motion.

In which direction is the force?
Figure 1.26 shows diagrammatically the head of the hammer moving in a circle at two different times. It takes t
seconds to move from A to B. (This movement is also covered in subtopic 3.4, in which the motion of satellites
is explored.)

FIGURE 1.25 The hammer moves in a circle while
the thrower turns. When the hammer is released,
it moves in a straight line.

The direction in which the

hammer moves if let go

The direction in which the

hammer moves while being

spun around

Tangent to the

circular path

FIGURE 1.26 Velocity vectors for a
hammer moving in an anticlockwise
circle

AB

v2 v1
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To determine the acceleration, the change in velocity between these two points must be known. Vector addition
needs to be used: Δv = v2 − v1Δv = v2 + (−v1)

Notice that when the Δv vector is transferred back to the original circle halfway between the two points in time,
it is pointing towards the centre of the circle. (See figure 1.27b. Such calculations become more accurate when
very small time intervals are used; however, a large time interval has been used here to make the diagram clear.)

As a= Δv
t

, the acceleration vector is in the same direction as Δv, but has a different magnitude and different

units.

centripetal acceleration the
acceleration towards the centre
of a circle experienced by an object
moving in a circular motion

No matter which time interval is chosen, the acceleration vector always points
towards the centre of the circle. So, for an object to have uniform circular motion,
the acceleration of the object must be towards the centre of the circle. Such an
acceleration is called centripetal acceleration. The word centripetal literally means
‘centre-seeking’. As stated in Newton’s Second Law of Motion, the net force on an
object is in the same direction as the acceleration (Fnet =ma). Therefore, the net force
on an object moving with uniform circular motion is towards the centre of the circle.

FIGURE 1.27 a. Vector addition b. The change in velocity is towards the centre of the circle.

AB

v2

v2

−v1
v1

Δv

Δv

a. b.

The acceleration of an object moving with uniform circular motion must be towards the centre of the circle.
This is called centripetal acceleration. The net force on this object must also be towards the centre of the
circle.

Remember that while the hammer thrower is exerting a force on the hammer head towards the centre of the
circle, the hammer head must be exerting an equal and opposite force on the thrower away from the centre of
the circle (according to Newton’s Third Law of Motion).
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1.5.4 Calculating accelerations and forces
Using vector diagrams and the formulas

a= Δv
t

and Fnet =ma, it is possible to

calculate the accelerations and forces
involved in circular motion. However, doing
calculations this way is tedious, and results
can be inaccurate if the vector diagrams are
not drawn carefully. It is simpler to use a
formula that will avoid these difficulties.
The derivation of such a formula is a little
challenging, but it is worth the effort!

FIGURE 1.28 The triangles shown in parts (a) and (b) are both
isosceles triangles.

a.

v2

−v1

Δv

Δv

θ

b.

r

A

r

θ

B

v1
v2

The circular motion formula explained

By re-examining the two previous figures, it is possible to see that they both ‘contain’ isosceles triangles. These
are shown in figure 1.29.

In figure 1.29, diagram (a) shows distances. It has the
radius of the circle marked in twice. These radii form two
sides of an isosceles triangle. The third side is formed by a
line, or chord, joining point A with point B. It is the distance
between the two points. When the angle 𝜃 is very small, the
length of the chord is virtually the same as the length of the
arc that also joins these two points. As this is a distance, its
length can be calculated using s= vt.

In figure 1.29, diagram (b) shows velocities. As the object
was moving with uniform circular motion, the length of the
vectors v2 and −v1 are identical and form two sides of an
isosceles triangle. As both diagrams (a) and (b) are derived
from figure 1.27, both of the angles marked as 𝜃 are the
same size. Therefore, the triangles are both isosceles
triangles, containing the same angle, 𝜃. This means they
are similar triangles — they can be thought of as the same
triangle drawn on two different scales. Figure 1.29 shows
these triangles redrawn to make this more obvious.

FIGURE 1.29 The two triangles are similar
triangles.

A

rr

θ

B

a.

v v

Δvb.

θ

vt

As the triangles are similar, the ratio of their sides must be constant, so:∆v
vt

= v
r

Multiplying both sides by v: ∆v
t
= v2

r

As a= ∆v
t
:

a= v2

r
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Sometimes it is not easy to measure the velocity of the object undergoing circular motion. However, this can be

calculated from the radius of the circle and the time taken to complete one circuit using the equation v= 2𝜋r
T

. It

can also be found using the equation a= v2

r
. Combining these two equations yields the following relationship:

a= v2

r
= 4𝜋2r

T2

where: a is the centripetal acceleration directed towards the centre of the circleΔv is the speed

r is the radius of the circle

T is the period of motion

This formula provides a way of calculating the centripetal acceleration of a mass moving with uniform circular
motion having speed v and radius r.

If the acceleration of a known mass moving in a circle with constant speed has been calculated, the net force can
be determined by applying Fnet =ma. Note that because in this scenario the net force is causing the centripetal
acceleration, you may sometimes see it referred to as the centripetal force, Fc.

The magnitude of the net force can also be calculated using:

Fnet =ma= mv2

r
= 4𝜋2rm

T2
=Fc

where: Fnet is the net force on the object

a is the centripetal acceleration directed towards the centre of the circle

v is the speed

r is the radius of the circle

T is the period of motion

SAMPLE PROBLEM 11 Determining the magnitude and direction of the acceleration and
the force of an object moving in a circular motiontlvd-8950

A car is driven around a roundabout at a constant speed of 20 km h−1 (5.6 m s−1). The roundabout has
a radius of 3.5 m and the car has a mass of 1200 kg.
a. What is the magnitude and direction of the acceleration of the car?
b. What is the magnitude and direction of the net force on the car?
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THINK WRITE

a. 1. List the known information. a. v = 5.6 m s−1, r = 3.5 m

2. Calculate the acceleration. a = v2

r= (5.6)2
3.5= 9.0 m s−2

The car accelerates at 9.0 m s−2 towards the
centre of the roundabout.

b. 1. There are two different formulas that can be
used to calculate this answer.
i. Use the answer to (a) and substitute into
Fnet =ma.

b. a = 9.0 m s−2, m = 1200 kg
Fnet = ma= 1200× 9.0= 1.1× 104 N

ii. Use the formula Fnet = mv2

r
. v = 5.6 m s−1, r = 3.5 m, m = 1200 kg

Fnet = mv2

r= 1200 (5.6)2
3.5= 1.1× 104 N

Both methods give the force on the car
as 1.1 × 104 N towards the centre of the
roundabout.

PRACTICE PROBLEM 11

Kwong (mass 60 kg) rides the Gravitron at the amusement park. This ride moves Kwong in a circle of
radius 3.5 m, at a rate of one rotation every 2.5 s.
a. What is Kwong’s acceleration?
b. What is the net force acting on Kwong? (Include a magnitude and a direction.)
c. Draw a labelled diagram showing all the forces acting on Kwong.

INVESTIGATION 1.3
elog-1696

tlvd-0238

Exploring circular motion

Aim

To examine some of the factors affecting the motion of an object undergoing uniform circular motion, and then to
determine the quantitative relationship between the variables of force, velocity and radius
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1.5.5 Forces that produce centripetal acceleration
Whenever an object is in uniform circular motion, the net force on that object must be towards the centre of the
circle. Some examples of situations involving forces producing centripetal acceleration follow.

Tension
The force applied by an object that is being pulled or stretched can be referred to as a tension force.

FIGURE 1.30 a. Tension contributes to the net force in many amusement park rides. b. The net force acting on a
compartment in the ride

b.

Fnet

FT1

FT2

Fg

a.

FIGURE 1.31 A component of the tension is the net force acting on the female skater
when she is performing a ‘death roll’.

FT

Fg

Fnet
FN
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Friction
When a car rounds a corner, the sideways
frictional forces contribute to the net
force. The forward frictional forces by
the ground on the tyres keep the car
moving, but if the sideways frictional
forces are not sufficient, the net force
on the car will not be towards the centre
of the curve. Since the net force is less
than the force required to keep the car
moving in a circle at this radius, the car
will not make it around the corner but
move sideways!

The formula Fnet = mv2

r
shows that as

the velocity increases, the force needed
to move in a circle greatly increases
(

Fnet ∝ v2
)

. This is why it is vital that
cars do not attempt to corner while
travelling too fast.

FIGURE 1.32 The sideways frictional forces of the ground on the
tyres enable a car to move around a corner.

FN

Fg

FN

FfrictionFfriction

Ffriction

Fnet

Ffriction

FN

FN

Track athletes, cyclists and motorcyclists also rely on sideways frictional forces to enable them to manoeuvre
around corners. They often lean into corners to increase the size of the sideways frictional forces, to turn more
quickly. Leaning also means that they are pushing on the surface at an angle, so the reaction force is no longer
normal to the ground (Newton’s Third Law). It has an upward component, the normal force FN, which balances
the force due to gravity, Fg, and a horizontal component towards the centre of their circular motion due to the
frictional force Ff.

FIGURE 1.33 Leaning into a corner increases the size of the net
force, allowing a higher speed while cornering. Leaning sideways
induces a sideways frictional force, resulting in the horizontal net
force experienced by the bicycle.

Fnet

FN

Fg

Ff

In velodromes, the track is banked so that a component of the normal force acts towards the centre of the
velodrome, thus increasing the net force in this direction. As the centripetal force is larger, the cyclists can move
around the corners faster than if they had to rely on friction alone.
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Going around a bend
When a vehicle travels around a bend, or curve, at constant speed, its motion can be considered to be part of a
circular motion. The curve makes up the arc of a circle. For a car to travel around a corner safely, the net force
acting on it must be towards the centre of the circle.

Figure 1.34a shows the forces acting on a vehicle of mass m travelling around a curve with a radius r at a
constant speed v. The forces acting on the car are the force due to gravity, Fg, friction, Ff, and the normal
force, FN.

FIGURE 1.34 a. For the vehicle to take the corner safely, the net force must be towards the centre of the circle.
b. Banking the road allows a component of the normal force to contribute to the centripetal force. Note that the
forces have been drawn as though they were acting through the centre of mass.

FN

Fnet

Fnet = Ff

Ff

Fg

Fnet

a.

Fg

FN

FNb.  sin θ

 

θ

Ff

Ff cos θ

On a level road, the only force with a component towards the centre of the circle is the ‘sideways’ friction. This
sideways friction makes up the whole of the magnitude of the net force on the vehicle. That is:

Fnet = sideways friction= mv2

r

If you drive the vehicle around the curve with a speed so that
mv2

r
is greater than the sideways friction, the

motion is no longer circular and the vehicle will skid off the road. If the road is wet, sideways friction is less
and a lower speed is necessary to drive safely around the curve.

CASE STUDY: Calculating the net force on a banked road

If the road is banked at an angle 𝜃 towards the centre of the circle, a component of the normal force, FN sin𝜃, can
also contribute to the net force, which acts in the horizontal direction. This is shown in figure 1.34b.

Fnet=Ffcos𝜃+FN sin𝜃
The larger net force means that, for a given curve, banking the road makes a higher speed possible.

Loose gravel on bends in roads is dangerous because it reduces the sideways friction force. At low speeds this is
not a problem, but a vehicle travelling at high speed is likely to lose control and run off the road in a straight line.

design speed speed at which the
force due to friction becomes zero,
as seen on a banked track

Cycling velodromes are steeply banked (often up to 40°), allowing cyclists to achieve very fast speeds. When
engineers design velodromes (and other banked tracks, such as banked roadways) they need to consider the
speed at which the force due to friction becomes zero. This is dependent on the angle
at which the track is banked. The speed at which the force due to friction becomes zero
is called the design speed and means that frictional force is not required to keep the
vehicle on the track. As shown in figure 1.35, only the horizontal component of the
normal force is contributing to the net force and there is no frictional force acting sideways.
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FIGURE 1.35 a. When travelling in
circular motion at the design speed,
the force due to friction is zero, so
the only forces acting on the object
are the force due to gravity and the
normal force. b. The vector addition
of the force due to gravity and the
normal force gives the net force as
acting horizontally towards the centre
of the circle.

Fnet

Fnet

FN

FN

Fg

Fg

a. b.

θ

θ

The equation for net force can be simplified as follows:

Fnet = Ffcos𝜃+FN sin𝜃= 0+FN sin𝜃= FN sin𝜃
From figure 1.35, it can also be shown that:

Fg = FNcos𝜃
Fnet = Fg tan𝜃

These equations can be used to determine the angle a road needs
to be banked at to achieve a certain design speed, or if the angle is
known, the design speed can be determined.

Recall that Fnet= mv2

r
and Fg=mg. If the following is used in

substitution, tan𝜃= mv
2

r

mg
, then:

tan𝜃 = v2

rg

⇒𝜃 = tan−1
(

v2

rg

)

When travelling at the design speed, where the frictional force will be zero, the
angle of the bank can be found by using:

tan 𝜃 = Fnet

Fg

= v2

rg𝜃 = tan−1

(

v2

rg

)

where: 𝜃 is the angle of the bank

Fnet is the net force

Fg is the force due to gravity

v is the speed

r is the radius of the track

g is the acceleration due to gravity

The equation can be arranged so that the design speed can be determined if the bank angle is known.

The design speed can be found by using:

v2 = rg tan 𝜃
v =√

rg tan 𝜃
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SAMPLE PROBLEM 12 Calculating the maximum constant speed of a car with sideways
wheel frictiontlvd-8951

A car of mass 1280 kg travels around a bend with a radius of 12.0 m. The total sideways friction on
the wheels is 16 400 N. The road is not banked. Calculate the maximum constant speed at which the
car can be driven around the bend without skidding off the road.

THINK WRITE

The car will maintain the circular motion

around the bend if: Fnet = mv2

r
where

v = maximum speed, Fnet is the sideways
friction (16 400 N), m = 1280 kg and
r = 12.0 m.

If v were to exceed this speed, Fnet < mv2

r
, the

circular motion would not be maintained and
the vehicle would skid.

Fnet = 1280× v2

12.0
v2 = 16 400× 12.0

1280= 153.75 m2 s−2⇒ v = 12.4 m s−1

The maximum constant speed at which the
vehicle can be driven around the bend is
12.4 m s−1.

PRACTICE PROBLEM 12

A motorcyclist is travelling around a circular track at a constant speed of 30 m s−1. The surface is flat
and horizontal. The radius of the track is 100 m. The mass of the cyclist with her motorbike is 200 kg.
What is the net force experienced by the rider and her bike?

SAMPLE PROBLEM 13 Calculating the maximum constant speed of a car on
a banked roadtlvd-8952

Calculate the maximum speed of the car in sample problem 12 (without skidding off the road) if the
road is banked at an angle of 10∘ to the horizontal.
THINK WRITE

1. Draw a diagram to represent the known
information.

FN
FN cos10°

m = 1280 kg 
r = 12.0 m

FN sin10°

10°

Fg = mg

Friction: 16 400 N
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2. The vertical forces are balanced. FN cos 10°= 16 400 sin 10°+ 1280× 9.8
FN = 15 392

cos 10°= 15 629 N

3. The net force is equal to the sum of the
horizontal forces.

Fnet = mv2

r

FN sin 10°+ 16 400 cos 10° = 1280× v2

12

15 629 sin 10°+ 16 400 cos 10° = 1280× v2

12⇒ v = 13.3 m s−1

PRACTICE PROBLEM 13

A cyclist is training at her local velodrome. The velodrome has a radius of 25 m and she is travelling
at 8.0 m s−1. The total mass of the cyclist and her bike is 80 kg. The velodrome track is banked at
an angle that results in there being no sideways frictional force on the bike’s wheels by the track.
Calculate the angle at which the track is banked for there to be no sideways frictional force.

1.5.6 Inside circular motion
What happens to people and objects inside larger objects that are travelling in circles? The answer to this
question depends on several factors.

Consider passengers inside a bus. The sideways frictional forces by the road on the bus tyres act towards the
centre of the circle, which increases the net force on the bus and keeps the bus moving around the circle. If the
passengers are also to move in a circle with the bus (therefore keeping the same position in the bus) they must
also have a net force towards the centre of the circle. Without such a force, they would continue to move in a
straight line and probably hit the side of the bus! Usually the friction between the seat and a passenger’s body is
sufficient to prevent this happening.

However, if the bus is moving quickly, friction alone may not be adequate. In such cases, passengers may grab
hold of the seat in front, thus adding a force through their arms. Hopefully, the sum of the frictional force of the
seat on a passenger’s legs and the horizontal component of force through the passenger’s arms will provide a
large enough force to keep that person moving in the same circle as the bus!
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SAMPLE PROBLEM 14 Calculating the angle of an object inside circular motion
tlvd-8953

When travelling around a roundabout, John notices that the fluffy dice suspended from his rear-vision
mirror swing out. If John is travelling at 8.0 m s−1 and the roundabout has a radius of 5.0 m, what
angle will the string connected to the fluffy dice (mass 100 g) make with the vertical?

THINK WRITE

1. When John enters the roundabout, the dice,
which are hanging straight down, will begin to
move outwards. As long as John maintains
a constant speed, they will reach a point at
which they become stationary at some angle to
the vertical. At this point, the net force on the
dice is the centripetal force. Because the dice
appear stationary to John, they must be moving
in the same circle, with the same speed, as
John and his car.

v = 8.0 m s−1, r = 5.0 m, m = 0.100 kg

FT cos θ

FT sin θ

FT

mg

θ

2. Consider the vertical components of the
forces. The acceleration has no vertical
component.

mg = FT cos 𝜃⇒FT = mg

cos 𝜃 ... (1)
3. Consider the horizontal components of the

forces.
Fnet = mv2

r
=FT sin 𝜃

⇒ mv2

r
= FT sin 𝜃...(2)

4. To solve the simultaneous equations, substitute
for T (from equation (1) into equation (2)).

mv2

r
= mg

cos 𝜃 × sin 𝜃
= mg tan 𝜃

⇒ tan 𝜃 = v2

rg

= (8.0)2
5.0× 9.8⇒𝜃 = 53°
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PRACTICE PROBLEM 14

A 50 kg circus performer grips a vertical rope with her teeth and sets herself moving in a circle with a
radius of 5.0 m at a constant horizontal speed of 3.0 m s−1.
a. What angle does the rope make with the vertical?
b. What is the magnitude of the tension in the rope?

Rope

Circular path

Performer’s

centre of mass
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1.5 Quick quiz 1.5 Exercise 1.5 Exam questions

1.5 Exercise

1. A 65-kg jogger runs around a circular track of radius 120 m with an average speed of 6.0 km h−1.
a. What is the centripetal acceleration of the jogger?
b.What is the net force acting on the jogger?

2. At a children’s amusement park, the miniature train ride completes a circuit of radius 350 m, maintaining a
constant speed of 15 km h−1.
a. What is the centripetal acceleration of the train?
b.What is the net force acting on a 35-kg child riding on the train?
c. What is the net force acting on the 1500-kg train?
d. Explain why the net forces acting on the child and the train are different and yet the train and the child are

moving along the same path.
3. Explain why motorcyclists lean into bends.
4. A rubber stopper of mass 50.0 g is whirled in a horizontal circle on the end of a 1.50-m length of string. The

time taken for ten complete revolutions of the stopper is 8.00 s. The string makes an angle of 6.03 with the
horizontal. Calculate the following:
a. the speed of the stopper
b. the centripetal acceleration of the stopper
c. the net force acting on the stopper
d. the magnitude of the tension in the string.
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5. Carl is riding around a corner on his bike at a constant speed of 15 km h−1. The corner approximates part of a
circle of radius 4.5 m. The combined mass of Carl and his bike is 90 kg. Carl keeps the bike in a vertical plane.
a. What is the net force acting on Carl and his bike?
b. What is the sideways frictional force acting on the tyres of the bike?
c. Carl rides onto a patch of oil on the road; the sideways frictional forces are now 90% of their original

amount. If Carl maintains a constant speed, what will happen to the radius of the circular path he is taking?
6. A road is to be banked so that any vehicle can take the bend at a speed of 30 m s−1 without having to rely on

sideways friction. The radius of curvature of the road is 12 m. At what angle should it be banked?

1.5 Exam questions

Question 1 (5 marks)
Source: VCE 2022 Physics Exam, Section B, Q.8; © VCAA

A Formula 1 racing car is travelling at a constant speed of 144 km h−1 (40 m s−1) around a horizontal corner of
radius 80.0 m. The combined mass of the driver and the car is 800 kg. Figure 8a shows a front view and
Figure 8b shows a top view.

 Figure 8a – Front view

 

r = 80.0 m

144 km h–1

Figure 8b – Top view

a. Calculate the magnitude of the net force acting on the racing car and driver as they go around the
corner. (2 marks)

b. On Figure 8b, draw the direction of the net force acting on the racing car using an arrow. (1 mark)
c. Explain why the racing car needs a net horizontal force to travel around the corner and state what

exerts this horizontal force. (2 marks)

Question 2 (4 marks)
Source: VCE 2018 Physics Exam, Section B, Q.10; © VCAA

Members of the public can now pay to take zero gravity flights in specially modified jet aeroplanes that fly at
an altitude of 8000 m above Earth’s surface. A typical trajectory is shown in Figure 12. At the top of the flight, the
trajectory can be modelled as an arc of a circle.

 Figure 12

a. Calculate the radius of the arc that would give passengers zero gravity at the top of the flight if the jet is
travelling at 180 m s–1. Show your working. (2 marks)

b. Is the force of gravity on a passenger zero at the top of the flight? Explain what ‘zero gravity experience’
means. (2 marks)
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Question 3 (7 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.7; © VCAA

A spherical mass of 2.0 kg is attached to a piece of string with a length of 2.0 m. The spherical mass is pulled
back until it makes an angle of 60° with the vertical, as shown in Figure 4. The spherical mass is then released.
Ignore the mass of the string.

 

2.0 m

Figure 4

60°

g

a. Show that the maximum speed of the spherical mass is 4.4 m s–1. (2 marks)
b. At what part of its path is the spherical mass at its maximum speed? Explain your reasoning. (2 marks)
c. Calculate the maximum tension in the string. (3 marks)

Question 4 (4 marks)
Source: VCE 2017, Physics Exam, Section B, Q.7; © VCAA

A bicycle and its rider have a total mass of 100 kg and travel around a circular banked track at a radius of 20 m
and at a constant speed of 10 m s–1, as shown in the figure. The track is banked so that there is no sideways
friction force applied by the track on the wheels.

20 m

10 m s–1

a. On the diagram below, draw all of the forces on the rider and the bicycle, considered as a single object, as
arrows. Draw the net resultant force as a dashed arrow labelled Fnet. (2 marks)

θ

b. Calculate the correct angle of bank for there to be no sideways friction force applied by the track on the
wheels. Show your working. (2 marks)
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Question 5 (5 marks)
Source: Adapted from VCE 2016, Physics Exam, Section A, Q.2; © VCAA

A steel ball of mass 2.0 kg is swinging in a circle of radius 0.50 m at a constant speed of 1.7 m s–1 at the end of a
string of length 1.0 m, as shown in the figure.

0.5 m

1.0 m

string

ball

a. On the figure, draw all the forces on the ball. Label all forces. Draw the resultant force as a dotted line
labelled FR. (2 marks)

b. Calculate the tension in the string. Show your working. (3 marks)

More exam questions are available in your learnON title.

1.6 Non-uniform circular motion

KEY KNOWLEDGE

• Investigate and apply theoretically Newton’s second law to circular motion in a vertical plane (forces at the
highest and lowest positions only).

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

So far, we have considered only what happens when circular motion is carried out at a constant speed. However,
in many situations the speed is not constant. When the circle is vertical, the effects of gravity can cause the
object to go slower at the top of the circle than at the bottom. Such situations can be examined either by
analysing the energy transformations that take place or by applying Newton’s laws of motion.

1.6.1 Energy review
Energy can be classified into different types, including kinetic energy and gravitational potential energy. These
concepts will help in the investigation of non-circular motion and will be explored further in topic 2.

Kinetic energy is the energy associated with the movement of an object. Gravitational potential energy is the
energy an object has based on its position within a gravitational field that can cause work to be done on it.

The Law of Conservation of Energy states that energy cannot be created or destroyed, only converted from one
form to another. When motion is in a vertical circle you will need to consider that energy is converted from
gravitational potential energy to kinetic energy.
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Eg = mgΔh
Ek = 1

2
mv2

where: Eg is the gravitational potential energy

Ek is the kinetic energy

m is the mass

g is the acceleration due to gravityΔh is the change in height, or the height above a reference point

v is the velocity

1.6.2 Uniform horizontal motion
If a person is sitting in a car moving in a straight line at a constant speed, the force due to gravity on them by the
Earth balances the normal force from the seat.

FIGURE 1.37 The forces acting on an object in uniform horizontal motion

Fg = 490 N

Fnet = 0

4.0 m s–1

FN = 490 N

1.6.3 Travelling through dips
When a skateboarder enters a half-pipe from the top, that person
has a certain amount of gravitational potential energy, but a
velocity, and hence kinetic energy, close to zero. At the bottom
of the half-pipe, most of the gravitational potential energy of the
skateboarder has been transformed into kinetic energy. As long as
the person’s change in height is known, it is possible to calculate
the speed at that point.

At the bottom of the half-pipe, the normal force acting on
the skateboarder is greater than the force due to gravity,
causing the skateboarder to feel ‘heavier’ than usual.
The net force acting on the skateboarder is given by
Fnet =ma=FN +Fg =FN −mg (taking the upward direction
as positive). In this case, the normal force is greater than the
force due to gravity. The net force, and hence the acceleration,
is directed upwards towards the centre of the circle.

FIGURE 1.38 Forces acting on the
skateboarder at the bottom of a dip. The
normal force is greater than the force due
to gravity; the skateboarder feels ‘heavier’.

Fg = mg

FN

Acceleration
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For circular motion, the acceleration is centripetal and is given by the expression
v2

r
:

mv2

r
=FN −mg

SAMPLE PROBLEM 15 Calculating the speed and forces acting on an object travelling
through a diptlvd-8954

A skateboarder, with an initial velocity of 0 m s–1 and a
mass of 60 kg, enters the half-pipe at point A, as shown in
the figure. Assume the frictional forces are negligible.
a. What is the skateboarder’s speed at point B?
b. What is the net force on the skateboarder at B?
c. What is the normal force on the skateboarder at B?

Explain whether the skateboarder feel lighter or
heavier than usual.

A

B

4.0 m

THINK WRITE

a. 1. At point A, the skateboarder has potential
energy but no kinetic energy. At point B, all
the potential energy has been converted to
kinetic energy. Once the kinetic energy is
known, it is easy to calculate the velocity of
the skateboarder.

a. m = 60 kg, hA = 4.0 m, hB = 0.0 m,
g = 9.8 m s–2

2. Find the change in energy. The decrease of
potential energy from A to B is equal to the
increase of kinetic energy from A to B.

ΔGPE = ΔKE−mg (hB − hA) = 1

2
mv2

Cancelling m from both sides:−g (hB − hA) = 1

2
v2

−9.8 (0− 4.0) = 1

2
v2⇒ v2 = 78.4⇒ v = 8.9 m s−1

The skateboarder’s speed at B is 8.9 m s−1.

b. The formula Fnet = mv2

r
can still be used for

any point of the centripetal motion. It must
be remembered, however, that the force will
be different at each point as the velocity is
constantly changing.

b. m= 60 kg, r= 4.0 m, v= 8.9 m s−1

Fnet = mv2

r= 60× (8.9)2
4.0≈ 1.2× 103 N

The net force acting on the skateboarder at
point B is 1200 N upwards.
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c. 1. As there is more than one force acting on the
skateboarder, it helps to draw a diagram.

c.

Fg = mg

FN

Acceleration

2. The net force is determined by adding
together all the forces acting on the
skateboarder.

Fnet = FN +Fg

3. Taking the upward direction as positive. Fnet = FN −mg⇒FN = Fnet +mg= 1.2× 103 + 60× 9.8≈ 1.8× 103 N
The normal force acting on the skateboarder
at point B is 1.8× 103 N upwards. This is
larger than the normal force if the skateboarder
was stationary. This causes the skateboarder to
experience a sensation of heaviness.

PRACTICE PROBLEM 15

A roller-coaster car travels through the bottom of a dip of radius 9.0 m at a speed of 13 m s−1.
a. What is the net force on a passenger of mass 60 kg?
b. What is the normal force on the passenger by the seat?
c. Compare the size of the normal force to the force due to gravity and comment on how the

passenger would feel.

1.6.4 Travelling over humps
The experience of ‘heaviness’ described in the previous section, when
the normal force is greater than the force due to gravity, occurs on a
roller-coaster when the roller-coaster car travels through a dip at the
bottom of a vertical arc. When the car is at the top of a vertical arc,
the passengers experience a feeling of being ‘lighter’. How can this
be explained?

When the roller-coaster car is on the top of the track, the normal force
is upwards, and the force due to gravity and the net force
are downwards. Taking the upward direction as positive,

Fnet =ma= mv2

r
=Fg −FN. This clearly shows that Fg is larger than

FN, and hence the passenger will feel ‘lighter’.

FIGURE 1.39 The forces acting on a
roller-coaster car at the top of a hump

a

FN

Fg = mg
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For circular motion, the acceleration is centripetal and is given by the expression
v2

r
.

ma=mg−FN = mv2

r

SAMPLE PROBLEM 16 Calculating the speed and forces acting on an object travelling
over a humptlvd-8955

A passenger is in a roller-coaster car at the top of a circular arc of radius 9.0 m.
a. At what speed would the normal force on the passenger equal half the force due to gravity?
b. What happens to the normal force as the speed increases?
c. What would the passenger experience?

THINK WRITE

a. 1. Write the known information. a. FN = mg

2
, r= 9.0 m

2. Calculate the speed using
mv2

r
=mg−FN.

mv2

r
= mg− mg

2
v2

r
= g

2

⇒ v =√

gr

2=√

9.8× 9.0
2= 6.6 m s−1

b. 1. Rearrange
mv2

r
=mg−FN to make FN the

subject of the equation.

b. Rearranging
mv2

r
=mg−FN gives

FN =mg− mv2

r
2. Comment on the effect of increasing v on FN. The force due to gravity, mg, is constant, so as

the speed, v, increases, the normal force, FN,
gets smaller.

c. The normal force determines whether the
passenger feels ‘heavier’ or ‘lighter’.

c. The normal force is less than the force due to
gravity, so the passenger will feel lighter.

PRACTICE PROBLEM 16

a. A car of mass 800 kg slows down to a speed of 4.0 m s−1 to travel over a speed hump that forms the
arc of a circle of radius 2.4 m. What normal force acts on the car at the top of the speed hump?

b. At what minimum speed would a car of mass 1000 kg have to travel to momentarily leave the road
at the top of the speed hump described in part (a)? (To leave the road, the normal force would have
to decrease to zero.)
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The normal force is a push by the track on the wheels of the roller-coaster car. The track can only push up on
the wheels; it cannot pull down on the wheels to provide a downward force. So as the speed increases, there is
a limit on how small the normal force can be. The smallest value is zero. What would the passenger feel? And
what is happening to the roller-coaster car?

When the normal force is zero, the passenger will feel as if they are floating just above the seat. They will feel
no compression in the bones of their backside. At this point the car has lost contact with the track. Any attempt
to put on the brakes will not slow down the car, as the frictional contact with the track depends on the size of the
normal force. No normal force means no friction.

Modern roller-coaster cars have two sets of wheels, one set above the track and one set below the track, so that if
the car is moving too fast, the track can supply a downward normal force on the lower set of wheels.

The safety features of roller-coasters cannot be applied to cars on the road. If a car goes too fast over a hump
on the road, the situation is potentially very dangerous. Loss of contact with the road means that turning the
steering wheel to avoid an obstacle or an oncoming car will have no effect whatsoever. The car will continue
on in the same direction.

SAMPLE PROBLEM 17 Determining the speed and forces acting on a toy car
inside a looptlvd-8956

A toy car travels through a vertical loop of radius 15.0 cm on a racetrack. The toy car, of mass 200 g,
is released from rest at point A, which is 2.00 m above the lowest point on the track. The car rolls
down the track and travels inside the loop. Friction can be ignored.

B

h = 2.00 m
r = 15.0 cm

m = 200 g
A

C

g = 9.8 m s–2

a. Calculate the speed of the car at point B, the bottom of the loop.
b. What is the net force on the toy car at point B?
c. What is the normal force on the car at point B?
d. What is the speed of the car when it reaches point C?
e. What is the normal force on the car at point C?

THINK WRITE

a. 1. List all known information at points A and B. a. At point A,
m = 0.200 kg, h = 2.00 m, v = 0 m s−1,
g = 9.8 m s−2

At point B,
m = 0.2 kg, h = 0.00 m, g = 9.8 m s−2

2. Calculate the total energy of the car at point
A by adding the car’s gravitational potential
energy and kinetic energy.

EA = Ek +Eg= 1

2
mv2 +mgΔh= 0+ (0.200× 9.8× 2.00)= 3.92 J
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3. The total energy of the car at point B is equal
to the total energy of the car at point A. This
is the Law of Conservation of Energy.

EB = Ek +Eg= 1

2
mv2 +mgΔh

3.92 = (

1

2
× 0.200× v2

)+ 0

3.92 = 0.100v2

v2 = 3.92

0.100⇒ v =√

39.2= 6.26 m s−1

b. During circular motion, the net force is always
directed towards the centre of the circle. So, at
point B, the net force will be directed upwards.

b. Fnet = mv2

r= 0.200× 6.262

0.15= 78.4 N up

c. The net force is equal to the sum of the normal
force and the force due to gravity. Take the
upward direction to be positive.

c. Fnet = FN +Fg

Fnet = FN −mg

78.4 = FN − (0.200× 9.8)
78.4 = FN − 1.96

FN = 78.4+ 1.96= 80.4 N up

d. 1. List all known information at point C. d. m = 0.200 kg, h = 0.300 m, g = 9.8 m s−2

2. From part (a), it is known that the total energy
of the car at all points is 3.92 J.

At point C,
EC = Ek +Eg

= 1

2
mv2 +mgΔh

3.92 = (

1

2
× 0.200× v2

)

+ (0.200× 9.8× 0.300)

3.92 = 0.100v2 + 0.588

0.100v2 = 3.332

v2 = 3.332

0.100⇒ v =√

33.32= 5.77 m s−1
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e. 1. Determine the net force acting on the car at
point C. The net force on the car at point
C will be directed downwards towards the
centre of the circle.

e. Fnet = mv2

r= 0.200× 5.772

0.15= 44.4 N down

2. The net force is equal to the sum of the
normal force and the force due to gravity.
Take the downward direction to be positive.
Note: In this case, both the normal force and
the force due to gravity act in the downward
direction.

Fg = 1.96 N

FN = ?

Fnet = 44.4 N

z

Fnet = FN +Fg

44.4 = FN + (0.200× 9.8)
44.4 = FN + 1.96⇒FN = 44.4− 1.96

F = 42.7 N down

PRACTICE PROBLEM 17

A toy car travels through a vertical loop of radius 20.0 cm on a racetrack. The toy car, of mass 100 g,
is released from rest at point A, which is 1.30 m above the lowest point on the track. The car rolls
down the track and travels inside the loop. Friction can be ignored.

m = 100 g

r = 20.0 cm

g = 9.8 m s–2

C

B

A

h = 1.30 m  

a. Calculate the speed of the car at point B, the bottom of the loop.
b. What is the net force on the toy car at point B?
c. What is the normal force on the car at point B?
d. What is the speed of the car when it reaches point C?
e. What is the normal force on the car at point C?
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1.6 Quick quiz 1.6 Exercise 1.6 Exam questions

1.6 Exercise

1. A ball is swung in a vertical circle with a constant speed. At which point is the tension force:
a. at its maximum value
b. at its minimum value?

2. An 800-kg car travels over the crest of a hill that forms the arc
of a circle, as shown in the figure.

v

r = 4.0 m

a. Draw a labelled diagram showing all the forces acting
on the car.

b. The car travels just fast enough for it to leave the ground
momentarily at the crest of the hill. This means the
normal force is zero at this point.
i.What is the net force acting on the car at this point?
ii.What is the speed of the car at this point?

3. A 120-g toy car travels through a vertical loop on a racetrack. The loop
has a radius of 10 cm.
The car is released from the start of the track, which is at a height of 1.0 m (position A), and travels inside the
loop. Assume g is 9.8 m s−1 downwards and ignore friction.

B

h = 1.0 m
r = 10 cm

m = 120 g
A

g = 9.8 m s–2

a. Calculate the speed of the car at point B, the bottom of the loop.
b. What is the net force on the toy car at point B?
c. What is the normal force on the car at point B?

4. A 60-kg passenger is in a roller-coaster and travels down a small dip with a radius of 12 m. At the bottom of
the dip, the passenger is travelling with a speed of 14 m s–1 and is feeling a larger than normal force. Use
Newton’s Second Law to calculate the normal force acting upon their body.

5. A 75-kg BMX rider is riding in a half-pipe with a radius of 2.5 m. At the lowest point of the half-pipe, the rider
attains a speed of 7.0 m s–1. Assume there is no air resistance or friction.
a. What is the acceleration of the rider at the lowest point of the half-pipe?
b. Determine the magnitude of the normal force acting on the rider at the lowest point of the half-pipe.

70 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



1.6 Exam questions

Question 1 (5 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.9; © VCAA

A small ball of mass 0.30 kg travels horizontally at a speed of 6 m s–1. It enters a vertical circular loop of diameter
0.80 m, as shown in Figure 6. Assume that the radius of the ball and that the frictional forces are negligible.

 

6 m s–1

position A

position B

Figure 6

0.80 m

a. Show that the kinetic energy of the ball at position A in Figure 6 is 5.4 J. (1 mark)
b. Will the ball remain on the track at the top of the loop (position B in Figure 6)? Give your reasoning. (4 marks)

Question 2 (5 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.8; © VCAA

In an experiment, a ball of mass 2.5 kg is moving in a vertical circle at the end of a string, as shown in Figure 5.
The string has a length of 1.5 m.

 

1.5 m

Figure 5

m = 2.5 kg

a. Calculate the minimum speed the ball must have at the top of its arc for the string to remain tight (under
tension). (2 marks)

b. In another experiment, the ball is moving at 6.0 m s–1 at the top of its arc. Calculate the speed of the ball at
the lowest point. (3 marks)

Question 3 (7 marks)
Source: VCE 2017 Physics Exam, NHT, Section B, Q.3; © VCAA

An amusement park has a car ride consisting of vertical partial circular tracks, as shown in Figure 4a. The track is
arranged so that the car remains upright at both the top and bottom positions. The track has a radius of 12.0 m
and its lowest point is point P.

 

12.0 m

12.0 m

T

P

24 m s–1

Figure 4a Figure 4b
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a. On the diagram in Figure 4b, draw labelled arrows showing all of the forces on the car at point P and draw the
resultant force with a dotted arrow labelled FR. (3 marks)

b. At point P, the car is moving at 24 m s–1.
Calculate the force of the car seat on a passenger of mass 50 kg as the car passes point P. Show your
working. (2 marks)

c. Emily says that if the car moves at the correct speed at the top, point T, a person can feel weightless at that
point.
Roger says this is nonsense; a person can only feel weightless in deep space, where there is no gravity.
Who is correct? Justify your answer. (2 marks)

Question 4 (2 marks)
Source: VCE 2017, Physics Exam, Q.8.a; © VCAA

A roller-coaster is arranged so that the normal reaction force on a rider in a car at the top of the circular arc at
point P, shown in the figure, is briefly zero. The section of track at point P has a radius of 6.4 m.

5.0 m

P

Q
6.4 m

Calculate the speed that the car needs to have to achieve a zero normal reaction force on the rider at point P.

Question 5 (2 marks)
Source: VCE 2015, Physics Exam, Q.3.b; © VCAA

A model car of mass 2.0 kg is on a track that is part of a vertical circle of radius 4.0 m, as shown in the figure.

At the lowest point, L, the car is moving at 6.0 m s–1. Ignore friction.

4.0 m

L

Calculate the magnitude of the force exerted by the track on the car at its lowest point (L). Show your working.

More exam questions are available in your learnON title.
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1.7.2 Key ideas summary

1.7.3 Key terms glossary

Resources

Solutions Solutions — Topic 1 (sol-0815)

Practical investigation eLogbook Practical investigation eLogbook — Topic 1 (elog-1632)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 1 (doc-37165)
Key ideas summary — Topic 1 (doc-37166)

Exam question booklet Exam question booklet — Topic 1 (eqb-0098)
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1.7 Review questions
1. When a stationary car is hit from behind by another vehicle at moderate speed, headrests behind the

occupants reduce the likelihood of injury. Explain in terms of Newton’s laws how they do this.

2. It is often said that seatbelts prevent a passenger from being thrown forward in a car collision. What is
wrong with such a statement?

3. What is the matching ‘reaction’ to the gravitational pull of Earth on you?

4. Explain why the horizontal component of velocity remains the same when a projectile’s motion is modelled.

5. While many pieces of information relating to the vertical and horizontal parts of a particular projectile’s
motion are different, the time is always the same. Explain why.

6. Describe the effects of air resistance on the motion of a basketball falling vertically from a height.

7. When a mass moves in a circle, it is subject to a net force. This force acts at right angles to the direction
of motion of the mass at any point in time. Use Newton’s laws to explain why the mass does not need a
propelling force to act in the direction of its motion.

8. The following graph describes the motion of a 40 tonne (4.0 × 104 kg) train as it travels between two
neighbouring railway stations. The total friction force resisting the motion of the train while the brakes are
not applied is 8.0 kN. The brakes are not applied until the final 20 s of the journey.
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a. What is the braking distance of the train?
b. A cyclist travels between the stations at a constant speed, leaving the first station and arriving at the

second station at the same time as the train. What is the constant speed of the cyclist?
c. What forward force is applied to the train by the tracks while it is accelerating?
d. What additional frictional force is applied to the train while it is braking?

9. At a children’s amusement park, the miniature train ride completes a circuit of radius 300 m, maintaining a
constant speed of 12 km h−1.

a. What is the centripetal acceleration of the train?
b. What is the net force acting on a 45-kg child riding on the train?
c. What is the net force acting on the 1250-kg train?
d. Explain why the net forces acting on the child and the train are different and yet the train and the child are

moving along the same path.

10. During a game of totem tennis, a 100-g ball is whirled in a horizontal circle on the end of a 1.30-m length of
string. The time taken for ten complete revolutions of the ball is 12.0 s. The string makes an angle of 30.0°
with the horizontal. Calculate:

a. the speed of the ball
b. the centripetal acceleration of the ball
c. the net force acting on the ball
d. the magnitude of the tension in the string

11. A road is to be banked so that any vehicle can take the bend at a speed of 40.0 m s−1 without having to rely
on sideways friction. The radius of curvature of the road is 15.0 m. At what angle should it be banked?

12. A 65-kg gymnast, who is swinging on the rings, follows the path shown in the following figure.

a. What is the speed of the gymnast at point B, if he is at rest at point A?
b. What is the centripetal force acting on the gymnast at point B?
c. Draw a labelled diagram of the forces acting on the gymnast at point B. Include the magnitude

of all forces.

B

A

4.0 m

∆h = 1.0 m
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1.7 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 2020 Physics Exam, Section A, Q.8; © VCAA

A ball is attached to the end of a string and rotated in a circle at a constant speed in a vertical plane, as shown in
the diagram below.

ball

v

The arrows in options A. to D. below indicate the direction and the size of the forces acting on the ball.

Ignoring air resistance, which one of the following best represents the forces acting on the ball when it is at the
bottom of the circular path and moving to the left?

A. B. C. D.

Question 2

Source: VCE 2019, Physics Exam, Section A, Q.11; © VCAA

An ultralight aeroplane of mass 500 kg flies in a horizontal straight line at a constant speed of 100 m s–1.

The horizontal resistance force acting on the aeroplane is 1500 N.

Which one of the following best describes the magnitude of the forward horizontal thrust on the aeroplane?

A. 1500 N

B. slightly less than 1500 N

C. slightly more than 1500 N

D. 5000 N
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Question 3

Source: VCE 2018, Physics Exam, Section A, Q.5; © VCAA

Four students are pulling on ropes in a four-person tug of war. The relative sizes of the forces acting on the
various ropes are FW = 200 N, FX = 240 N, FY = 180 N and FZ = 210 N. The situation is shown in the
diagram below.

FW

FY

FXFZ

Which one of the following best gives the magnitude of the resultant force acting at the centre of the tug-of-war
ropes?

A. 28.3 N

B. 30.0 N

C. 36.1 N

D. 50.0 N

Question 4

Source: VCE 2018, Physics Exam, Section A, Q.6; © VCAA

Lisa is driving a car of mass 1000 kg at 20 m s–1 when she sees a dog in the middle of the road ahead of her. She
takes 0.50 s to react and then brakes to a stop with a constant braking force. Her speed is shown in the graph
below. Lisa stops before she hits the dog.

0.5 1.0 1.5 2.0 2.5 3.0
0

speed (m s–1)

time (s)

5

10

15

20

Which one of the following is closest to the magnitude of the braking force acting on Lisa’s car during her braking
time?

A. 6.7 N

B. 6.7 kN

C. 8.0 kN

D. 20.0 kN
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Question 5

Source: VCE 2017, Physics Exam, Section A, Q.7; © VCAA

A model car of mass 2.0 kg is propelled from rest by a rocket motor that applies a constant horizontal force of
4.0 N, as shown below. Assume that friction is negligible.

direction of motion

rocket motor

model car

Which one of the following best gives the magnitude of the acceleration of the model car?

A. 0.50 m s–2

B. 1.0 m s–2

C. 2.0 m s–2

D. 4.0 m s–2

Question 6

Source: VCE 2017, Physics Exam, Section A, Q.9; © VCAA

A model car of mass 2.0 kg is propelled from rest by a rocket motor that applies a constant horizontal force of
4.0 N, as shown below. Assume that friction is negligible.

direction of motion

rocket motor

model car

With the same rocket motor, the car accelerates from rest for 10 s.

Which one of the following best gives the final speed?

A. 6.3 m s–1

B. 10 m s–1

C. 20 m s–1

D. 40 m s–1
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Question 7

Source: VCE 2019, Physics Exam, Section A, Q.12; © VCAA

A small ball is rolling at constant speed along a horizontal table. It rolls off the edge of the table and follows the
parabolic path shown in the diagram below. Ignore air resistance.

table ball

floor

Which one of the following statements about the motion of the ball as it falls is correct?

A. The ball’s speed increases at a constant rate.

B. The momentum of the ball is conserved.

C. The acceleration of the ball is constant.

D. The ball travels at constant speed.

Question 8

Source: VCE 2020 Physics Exam, Section A, Q.11; © VCAA

The International Space Station (ISS) is travelling around Earth in a stable circular orbit, as shown in the diagram
below.

ISS

Earth

Which one of the following statements concerning the momentum and the kinetic energy of the ISS is correct?

A. Both the momentum and the kinetic energy vary along the orbital path.

B. Both the momentum and the kinetic energy are constant along the orbital path.

C. The momentum is constant, but the kinetic energy changes throughout the orbital path.

D. The momentum changes, but the kinetic energy remains constant throughout the orbital path.
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Question 9

Source: VCE 2021 Physics Exam, Section A, Q.9; © VCAA

Lucy is running horizontally at a speed of 6 m s–1along a diving platform that is 8.0 m vertically above the water.

Lucy runs off the end of the diving platform and reaches the water below after time t.

She lands feet first at a horizontal distance d from the end of the diving platform.

water

6 m s–1

8.0 m

d

Which one of the following expressions correctly gives the distance d?

A. 0.8t

B. 6t

C. 5t2

D. 6t + 5t2

Question 10

Source: VCE 2021, Physics Exam, Section A, Q.10; © VCAA

Lucy is running horizontally at a speed of 6 m s–1along a diving platform that is 8.0 m vertically above the water.

Lucy runs off the end of the diving platform and reaches the water below after time t.

She lands feet first at a horizontal distance d from the end of the diving platform.

water

6 m s–1

8.0 m

d

Which one of the following is closest to the time taken, t, for Lucy to reach the water below?

A. 0.8 s

B. 1.1 s

C. 1.3 s

D. 1.6 s
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Section B – Short answer questions

Question 11 (2 marks)

Source: VCE 2021, Physics Exam, Section B, Q.4; © VCAA

Liesel, a student of yoga, sits on the floor in the lotus pose, as shown in the figure. The action force, Fg, on Liesel
due to gravity is 500 N down.

500 N

Identify and explain what the reaction force is to the action force, Fg, shown in the figure.

Question 12 (3 marks)

Source: VCE 2021 Physics Exam, Section B, Q.8a; © VCAA

On 30 July 2020, the National Aeronautics and Space Administration (NASA) launched an Atlas rocket containing
the Perseverance rover space capsule on a scientific mission to explore the geology and climate of Mars, and
search for signs of ancient microbial life.

At lift-off from launch, the acceleration of the rocket was 7.20 m s–2. The total mass of the rocket and capsule at
launch was 531 tonnes.

Calculate the magnitude and the direction of the thrust force on the rocket at launch. Take the gravitational field
strength at the launch site to be g = 9.80 N kg–1. Give your answer in meganewtons. Show your working.
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Question 13 (2 marks)

Source: VCE 2021 Physics Exam, Section B, Q.9b; © VCAA

Abbie and Brian are about to go on their first loop-the-loop roller-coaster ride. As competent Physics students,
they are working out if they will have enough speed at the top of the loop to remain in contact with the track while
they are upside down at point C, shown in the figure. The radius of the loop CB is r.

C

B

X metres
15 m

A

The highest point of the roller-coaster (point A) is 15 m above point B and the car starts at rest from point A.
Assume that there is negligible friction between the car and the track.

By considering the forces acting on the car, show that the condition for the car to just remain in contact with the

track at point C is given by
v2

r
=g. Show your working.

Question 14 (6 marks)

Source: VCE 2020 Physics Exam, Section B, Q.8; © VCAA

The figure below shows a small ball of mass 1.8 kg travelling in a horizontal circular path at a constant speed
while suspended from the ceiling by a 0.75-m long string.

ball

0.75 m

string 25°

ceiling

a. Use labelled arrows to indicate on the figure the two physical forces acting on the ball. (2 marks)

b. Calculate the speed of the ball. Show your working. (4 marks)
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Question 15 (4 marks)

Source: VCE 2019, Physics Exam, Section B, Q.10; © VCAA

A projectile is launched from the ground at an angle of 39° and at a speed of 25 m s–1, as shown in the figure. The
maximum height that the projectile reaches above the ground is labelled h.

39°

h

R

25 m s–1

a. Ignoring air resistance, show that the projectile’s time of flight from the launch to the highest point is equal to
1.6 s. Give your answer to two significant figures. Show your working and indicate your reasoning. (2 marks)

b. Calculate the range, R, of the projectile. Show your working. (2 marks)
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AREA OF STUDY 1 HOW DO PHYSICISTS EXPLAIN MOTION IN TWO DIMENSIONS?

2 Relationships between
force, energy and mass

KEY KNOWLEDGE

In this topic, you will:
• investigate and analyse theoretically and practically impulse in an isolated system for
collisions between objects moving in a straight line: F∆t = m∆v

• investigate and apply theoretically and practically the laws of energy and momentum
conservation in isolated systems in one dimension

• investigate and apply theoretically and practically the concept of work done by a force using:
• work done = force × displacement
• work done = area under force vs distance graph (one dimensional only)

• analyse transformations of energy between kinetic energy, elastic potential energy,
gravitational potential energy and energy dissipated to the environment (considered as a
combination of heat, sound and deformation of material):

• kinetic energy at low speeds: Ek= 1

2
mv2; elastic and inelastic collisions with reference to

conservation of kinetic energy

• strain potential energy: area under force-distance graph including ideal springs obeying

Hooke’s Law: Es= 1

2
kx2

• gravitational potential energy: Eg = mg∆h or from area under a force-distance graph and
area under a field-distance graph multiplied by mass.

Source: VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every
lesson, to ensure you are ready.
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2.1.1 Introduction
Have you been in a collision today? It
is possible that you have, without even
realising it. Collisions feature more often
than you might expect in your day-to-day
life. Perhaps you knocked into a fellow
student as you walked down the corridor,
or you had a boxing match and took a hit
to the head; or maybe you are a basketball
player and you hit the floor after being
fouled. Whatever happened in your day, it
is likely that you were involved in some sort
of collision. How significant that collision
was depends on the forces involved, the
energy of the interaction and the mass of the
objects colliding.

FIGURE 2.1 Collisions occur often in sports such as boxing.
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2.2 Momentum and impulse

KEY KNOWLEDGE

• Investigate and analyse theoretically and practically impulse in an isolated system for collisions between
objects moving in a straight line: FΔt=mΔv.

• Investigate and apply theoretically and practically the laws of energy and momentum conservation in isolated
systems in one dimension.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

2.2.1 Momentum and impulse in a collision

Calculating momentum and impulse algebraically
Momentum was introduced in sections 1.2.4 and 1.3.1 as one way to describe the motion of an object.
Momentum is useful in explaining changes in motion, because it takes into account the mass as well as the
velocity of the moving object. Momentum is a vector quantity with the same direction as the velocity; it is
expressed in the units kg m s–1. Newton’s First Law of Motion can be explained in terms of momentum. The
rate of change in momentum is directly proportional to the magnitude of the net force. This means momentum
and impulse are useful quantities for understanding what happens in a collision.

The momentum of an object is the product of the mass and velocity of the object:

p=m× v
where: p is the momentum, in kg m s−1

m is the mass, in kg
v is the velocity, in m s–1

Newton’s Second Law of Motion describes how the effect of the average net force on an object depends on its
mass (F = ma). In previous topics, it was useful to express Newton’s Second Law in terms of acceleration. Here,
it is useful to express it in terms of the change in momentum of an object. That is:

Fav = ΔpΔt⇒FavΔt = Δp= mΔv
If the force is constant, it can be written as Fnet.

The product Fav × Δt is called the impulse of the average net force. Impulse is a vector quantity that has SI units
of N s. Calculations can be carried out to show that:

1 N s= 1 kg m s−1

impulse product of a force and
the time interval during which it
acts. Impulse is a vector quantity
with SI units of N s.

Thus, the effect of an average net force on the motion of an object can be
summarised by:

impulse (I) = change inmomentum (Δp)
I=FΔt = mΔv
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FIGURE 2.2 Cars are designed to crumple in
collisions. This increases the time interval over
which the momentum changes, decreasing the
average net force on the car.

 

When two or more objects collide, the change in the motion
of each object can be described by Newton’s Second Law
of Motion.

When a car collides with an ‘immovable’ object such as
a large tree, its change in momentum is fixed. It is
determined by the mass of the car and its initial velocity at
the instant of impact. The final momentum is zero because
its final velocity is zero. Since the impulse is equal to the
change in momentum, the impulse Fav × Δt is also fixed.
By designing the car so that Δt is as large as possible, the
magnitude of the average net force on the car (and hence its
deceleration) can be reduced. The smaller the deceleration
of the car, the safer it is for the occupants.

Airbags, collapsible steering wheels and padded
dashboards are all designed to increase the time interval
during which the momentum of a human body changes
during a collision — the bigger the stopping time, the
smaller the impact force.

FIGURE 2.3 Bicycle helmets: Newton’s Second
Law provides an explanation for their life-saving
function.

 

Likewise, the polystyrene liner of bicycle helmets is
designed to crush during a collision. This increases
the time interval during which the skull accelerates (or
decelerates), thus decreasing the average net force applied
to the head.

SAMPLE PROBLEM 1 Calculating the impulse, change in momentum and magnitude of a
force during a collisiontlvd-8957

A 1200-kg car collides with a concrete wall at a speed of 15 m s−1 and takes 0.060 s to come to rest.
a. What is the change in momentum of the car?
b. What is the impulse on the car?
c. What is the average magnitude of the force exerted by the wall on the car?
d. What would be the average magnitude of the force exerted by the wall on the car if the car bounced

back from the wall with a speed of 3.0 m s−1 after being in contact for 0.060 s?

THINK WRITE

a. 1. Assign the initial direction of the car
as positive. Calculate the change in
momentum.

a. m= 1200 kg; u= 15m s−1; v= 0m s−1; Δt= 0.060 sΔp = mv−mu= m(v−u)= 1200 × (0− 15)= 1200× (−15 )= −1.8× 104 kgm s−1

2. State the change in momentum of the
car; this should be a positive number.

The change in momentum is 1.8 × 104 kg m s−1 in a
direction opposite to the original direction of the car.
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b. 1. Determine the impulse of the car using
the change in momentum.

b. Impulse on car = change in momentum of car= −1.8× 104 kgm s−1

2. State the impulse on the car. The impulse on the car is 1.8 × 104 N s in a direction
opposite to the original direction of the car.

c. Determine the magnitude of force usingΔp = FΔt. c. Δp = FΔt
1.8× 104 = F× 0.06⇒F = 1.8× 104

0.060= 3.0× 105 N

d. 1. Determine the impulse of the car. In this
case, the final velocity is v = –3.0 m s−1

and the initial velocity is u = 15 m s–1

(remember the change in velocity or Δv
is equal to the initial velocity subtracted
from the final velocity).

d. Impulse = mΔv= 1200 (−3− 15)= 1200× (−18)= −2.16× 104 N s or kgm s−1

2. Determine the magnitude of force usingΔp = FΔt, where Δp = 2.16 × 104 N s
and Δt = 0.060 s.

Δp = FΔt
2.16× 104 = F× 0.060⇒F = 2.16× 104

0.060= 3.6× 105 N

PRACTICE PROBLEM 1

A dodgem car of mass 200 kg strikes a barrier head-on at a speed of 8.0 m s−1 due west and rebounds
in the opposite direction with a speed of 2.0 m s–1.
a. What is the impulse delivered to the dodgem car?
b. If the dodgem car is in contact with the barrier for 0.80 s, what average force does the barrier

apply to the car?
c. What average force does the car apply to the barrier?

Calculating impulse from a force–time graph
The impulse delivered by a changing force is given by FavΔt.
If a graph of force versus time is plotted, the impulse can be determined from the area under the graph.

The area under the graph can be calculated using a variety of methods:
• If a grid is provided, the area can be determined by finding the area of each ‘square’ and multiplying it by

the number of squares (found by counting the ‘squares’ between the graph and the horizontal axis). You
can also add sections of partial squares together to make full squares (for example, two half squares make
up one full square).

• Another way to calculate areas is by drawing a regular shape (or shapes) that have approximately the same
area as the area under the graph. For example, the graph shown in sample problem 2 may be divided into
triangles and rectangles, and the areas may be calculated and added together. (This is much easier for
graphs with straight-line sections as opposed to curved sections.)
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SAMPLE PROBLEM 2 Using a force versus time graph to calculate speed and magnitude
of impulsetlvd-8958

The following graph describes the changing horizontal force on a 40-kg rollerskater as she begins to
move from rest. Estimate her speed after 2.0 seconds.
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THINK WRITE

1. The magnitude of the impulse on the
skater can be determined by calculating
the area under the graph. This can be
determined by either counting squares
or by determining the shaded area.
In this example, the areas have been
provided.

Magnitude of impulse = areaA+ area B+ area C= (

1

2
× 1.1× 400+ 0.9× 200

+1

2
× 0.9× 200

)

= (220+ 180+ 90)= 490N s

2. Determine the magnitude of impulse
using the change in momentum,Δp = mΔv, where Δp = 490 N s, and
m = 40 kg.

Magnitude of impulse = magnitude of change inmomentum= mΔv
490N s = 40 kg×Δv⇒Δv = 490

40= 12m s−1

3. Determine the speed. As her initial speed is zero (she started from rest), her
speed after 2.0 seconds is 12 m s−1.

PRACTICE PROBLEM 2

Estimate the speed of the rollerskater in sample problem 2 after 1.0 s.

2.2.2 Conservation of momentum
Newton’s Second Law of Motion can be applied to the system of two objects just as it can be applied to each

object. By applying the formula Fav= ΔpΔt to a system of one or more objects, another expression of

Newton’s Second Law can be written: if the net force acting on a system is zero, the total momentum of the
system does not change.
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This statement is an expression of the Law of Conservation of Momentum. It is also expressed as follows: if
there are no external forces acting on a system, the total momentum of the system remains constant.

The Law of Conservation of Momentum can be written as:

pbefore= pafter

A system on which no external forces act is called an isolated system. The only forces acting on objects in the
system are those applied by other objects in the system. In practice, collisions at the surface of Earth do not take
place within isolated systems. Consider a system comprising two cars that collide. This is not isolated because
forces are applied to the cars by objects outside the system, such as road friction and the gravitational pull of
Earth.

However, if the cars collide on an icy horizontal road, the collision can be considered to take place in an isolated
system. The sum of external forces (including the force of gravity and the normal force) acting on the system of
the cars would be negligible compared with the forces that each car applies to the other. A system comprising a
car and a tree struck by the car could not be considered an isolated system because Earth exerts a large external
force on the tree in the opposite direction to that applied to the tree by the car.

2.2.3 Modelling a collision

isolated system system where
no external forces act; the only
forces acting on objects in the
system are those applied by other
objects within the system.

Consider the system of the two blocks labelled A and B in figure 2.4. The blocks are on a smooth horizontal
surface. The system can be treated as isolated because the gravitational force and normal force on each of the
blocks have no effect on their horizontal motion. Because the surface is described
as smooth, the frictional force can be assumed to be negligible. Thus, the net force
on the system is zero and the total momentum of the system remains constant.
The momentum of the centre of mass of the system also remains constant.
However, the momentum of each of the blocks changes during the collision
because each block has a non-zero net force acting on it.

FIGURE 2.4 The net force on this system of two blocks is zero. Its total momentum therefore remains constant.

Before the collision

During the collision

After the collision

pA

Fon A by B
Fon B by A

pB

A

B

pA + pB 

pAB

A

B

A

B
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The force exerted on block A by block B (Fon A by B) during the collision is equal in magnitude and opposite in
direction to the force exerted on block B by block A (Fon B by A). Therefore, the change in momentum of block A
(ΔpA) is equal and opposite to the change in momentum of block B (ΔpB). That is:

Fon A by B = Fon B by A⇒Fon A by B Δt = −Fon B by A Δt
where: Δt = time duration of interaction

⇒ ΔpA = −ΔpB⇒ ΔpA+ΔpB = 0

This result should be no surprise as, in order for the total momentum of the system consisting of the two blocks
to be constant, the total change in momentum must be zero.

The interaction between blocks A and B can be summarised as follows:
• The total momentum of the system remains constant.
• The change in momentum of the system is zero.
• The momentum of the centre of mass of the system remains constant.
• The force that block A exerts on block B is equal and opposite to the force that block B exerts on block A.
• The change in momentum of block A is equal and opposite to the change in momentum of block B.

SAMPLE PROBLEM 3 Calculating the momentum and impulse of vehicles before and
after a collision

tlvd-8959

A 1500-kg car travelling at 12.0 m s−1 on an icy road collides with a 1200-kg car travelling at the same
speed, but in the opposite direction. The cars lock together after impact.
a. What is the momentum of each car before the collision?
b. What is the total momentum before the collision?
c. What is the total momentum after the collision?
d. With what speed is the tangled wreck moving immediately after the collision?
e. What is the impulse on the 1200-kg car?
f. What is the impulse on the 1500-kg car?

m = 1500 kg m = 1200 kg

Before collision

12.0 m s−1 12.0 m s−1

m = 2700 kg

After collision

v = ?
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THINK WRITE

a. 1. Assign the direction in which the first
car is moving as positive.

a. The 1500-kg car will have a positive velocity, and the
1200-kg car will have a negative velocity.

2. Determine the momentum of the first
car. (Remember, momentum is in the
units kg m s–1 or N s.)

m= 1500 kg; v= 12.0 m s−1

p = mv= 1500× 12.0= 18 000 kgm s−1= 1.80× 104 kgm s−1

3. Determine the momentum of the
second car.

m= 1200 kg; v=−12.0m s−1

p = mv= 1200× (−12.0)= −14 400 kg m s−1= −1.44× 104 kgm s−1

b. Determine the total momentum before
the collision by adding the initial
momentum of the 1500-kg car to the
initial momentum of the 1200-kg car that
was calculated in part a.

b. pi = 1.80× 104 + (−1.44× 104
)

= 3.60× 103 kgm s−1

c. The description of the road suggests that
friction is insignificant. It can be assumed
that there are no external forces acting on
the system.

c. pf = pi= 3.60× 103 kgm s−1

d. The tangled wreck can be considered as a
single mass of 2700 kg.

d. pf = mv

3.60× 103 = 2700× v
v = 3.60× 103

2700⇒ v = 1.33m s−1

in the direction of the initial velocity of the first car

e. The impulse on the 1200-kg car is equal
to its change in momentum. The initial
momentum was calculated in part a, and
the final momentum can be calculated
using p = mv, where the mass = 1200 kg,
and the final velocity = 1.33 m s−1 (as
calculated in part d).

e. Δp = pf− pi= (1200 × 1.33 )− (−1.44× 104
)

= 1600+ 1.44× 104= 1.60× 104 kgm s−1 (orN s)
in the direction of motion of the tangled wreck

f. The impulse or change in momentum on
the 1500-kg car is equal to the impulse on
the 1200-kg car. This can be verified by
calculating the change in momentum of
the 1500-kg car. The initial momentum
was calculated in part a, and the final
momentum can be calculated using
p = mv, where the mass = 1500 kg,
and the final velocity = 1.33 m s−1 (as
calculated in part d).

f. Δp = pf− pi= (1500× 1.33)− (

1.80× 104
)

= 2000− 1.80× 104= −1.60× 104 kgm s−1 (orN s)
in the direction opposite that of the 1200-kg car
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PRACTICE PROBLEM 3

A 1000-kg car travelling north at 30 m s−1 (108 km h−1) collides with a stationary delivery van of mass
2000 kg on an icy road. The two vehicles lock together after impact.
a. What is the velocity of the tangled wreck immediately after the collision?
b. What is the impulse on the delivery van?
c. What is the impulse on the speeding car?
d. After the collision, if — instead of locking together — the delivery van moved forward separately

at a speed of 12 m s−1, what velocity would the car have?

EXTENSION: Feeling Earth move

Can you feel Earth move when you bounce a basketball on the court? If Earth and your basketball were an
isolated system, Earth would move! Its change in speed can be calculated by applying the Law of Conservation
of Momentum.

The mass of Earth is 6.0 × 1024 kg. If the mass of a basketball is 600 g and it strikes the ground with a velocity of
12 m s−1 downwards in an isolated system, estimate the velocity of Earth after impact.

INVESTIGATION 2.1
elog-1876

Who’s pulling whom?

Aim

(a) To demonstrate that the ‘action’ and ‘reaction’ described in Newton’s Third Law are equal in magnitude,
opposite in direction and act on different objects

(b) To demonstrate that the total momentum of a system remains constant if there are no unbalanced external
forces acting on the system

2.2 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 
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Find all this and MORE in jacPLUS 

2.2 Quick quiz 2.2 Exercise 2.2 Exam questions

2.2 Exercise

1. Summarise the relationship between impulse and momentum in eight words or fewer.
2. In a real collision between two cars on a bitumen road on a dry day, is it reasonable to assume that the total

momentum of the two cars is conserved? Explain your answer.
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3. An empty railway cart of mass 500 kg is moving along a horizontal low-friction track at a velocity of 3.0 m s−1

south when a 250-kg load of coal is dropped into it from a stationary container directly above it.
a. Calculate the velocity of the railway cart immediately after the load has been emptied into it.
b. What happens to the vertical momentum of the falling coal as it lands in the railway cart?
c. If the fully loaded railway cart is travelling along the track at the velocity calculated in part a and the entire

load of coal falls out through a large hole in its floor, what is the final velocity of the cart?
4. Explain whether you are generally safer in a big car or a small car. To do so, consider the following questions

by making some estimates and applying Newtons’ laws to each car. What assumptions have you made?
a. How do the forces on each car compare?
b. How do the masses of the cars compare with each other?
c. What is the subsequent change in velocity of each car as a result of the collision?
d. How does your body move during a collision and what does it collide with?

5. A 400-g rubber ball hits a wall at 15 m s−1 and bounces back after being in contact with the wall for
0.10 seconds. The momentum of the ball changes by 10 kg m s−1. (Air resistance and the gravitational force
can be ignored.) Take the initial velocity as positive.
a. Calculate the magnitude and direction of the impulse that the wall exerts on the ball.
b. What is the magnitude of the average force that is exerted on the ball?
c. Calculate the velocity with which the ball bounces back.

2.2 Exam questions

Question 1 (10 marks)
Source: VCE 2022 Physics Exam, Section B, Q.7; © VCAA

Kym and Kelly are experimenting with trolleys on a ramp inclined at 25°, as shown in Figure 7. They release a
trolley with a mass of 2.0 kg from the top of the ramp. The trolley moves down the ramp, through two light gates
and onto a horizontal, frictionless surface. Kym and Kelly calculate the acceleration of the trolley to be 3.2m s−2
using the information from the light gates.

 

trolley

light gate

v
light gate

25°

stationary

trolley
horizontal,

frictionless surface

Figure  7

a. i. Show that the component of the gravitational force of the trolley down the slope is 8.3N.
Use g=9.8m s−2. (2 marks)

ii. Assume that on the ramp there is a constant frictional force acting on the trolley and opposing its motion.
Calculate the magnitude of the constant frictional force acting on the trolley. (2 marks)

b. When it reaches the bottom of the ramp, the trolley travels along the horizontal, frictionless surface at a speed
of 4.0m s−1 until it collides with a stationary identical trolley. The two trolleys stick together and continue in the
same direction as the first trolley.
i. Calculate the speed of the two trolleys after the collision. Show your working and clearly state the physics
principle that you have used. (3 marks)

ii. Determine, with calculations, whether this collision is an elastic or inelastic collision. Show your
working. (3 marks)
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Question 2 (10 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.9; © VCAA

In a model of a proposed ride at a theme park, a 5.0-kg smooth block slides down a ramp from point W and into
an ideal spring bumper without any friction or air resistance, as shown in Figure 13. The final section of the ramp,
between points X and Y, is horizontal. The block comes to an instantaneous stop at point Y.

 

block

X

Figure  13

W

h

ideal spring bumper

Y

a. Describe the acceleration of the block at points W, X and Y. (4 marks)
b. The maximum compression of the spring is measured as 3.0m and its spring constant, k, is 100Nm–1.

Calculate the release height, h. Show your working. (3 marks)
c. Calculate the magnitude of the maximum momentum of the block. Show your working. (2 marks)
d. When the block comes to rest, its momentum is zero. In terms of the principle of conservation of momentum,

state what has happened to the momentum of the block as it comes to rest. (1 mark)

Question 3 (7 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.18a,b,c; © VCAA

A small rubber ball of mass 50g falls vertically from a given height and rebounds from a hard floor. The ball’s
speed immediately before impact is 3.6m s–1. The ball rebounds upward at a speed of 3.3m s–1 immediately
after it leaves the floor. The ball is in contact with the floor for 40ms.
a. Calculate the magnitude and direction of the net average force acting on the 50-g ball while it is in contact

with the floor. Show your working. (4 marks)
b. Just before the ball hits the floor, it has a certain amount of kinetic energy, Ek. At one instant when the ball is in

contact with the floor, it is stationary before it rebounds.
Explain what has happened to the kinetic energy, Ek, of the ball when it is stationary. (2 marks)

c. Just before the ball hits the floor, it has a certain amount of vertical momentum, p. At one instant when the ball
is in contact with the floor, it is stationary before it rebounds.
What has happened to the vertical momentum, p, of the ball when it is stationary? (1 mark)

Question 4 (7 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.7; © VCAA

Students are using high-speed photography to analyse the collision between a bat and a ball. The experiment
is arranged so that the bat and the ball are both moving horizontally just before and just after the collision,
as shown in Figure 8. Assume that the bat and the ball are point masses. The students record the following
measurements.

mass of bat 2.0 kg
mass of ball 0.20 kg
speed of bat immediately before collision 10m s−1 (bat is stationary after collision)
speed of ball immediately before collision 60m s−1 (towards bat)
speed of ball immediately after collision 40m s−1 (away from bat)

time ball is in contact with bat 0.010 s
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60 m s–1 40 m s–110 m s–1

Before the collision After the collision

Figure 8

bat is

stationary

a. Calculate the magnitude of the impulse given by the bat to the ball. Include an appropriate unit.
Show your working. (3 marks)

b. Calculate the average force of the bat on the ball during the collision. Show your working. (2 marks)
c. Use calculations to determine whether the collision between the bat and the ball is elastic or inelastic.

Show your working. (2 marks)

Question 5 (2 marks)
Source: VCE 2016, Physics Exam, Section A, Q.4.c; © VCAA

In a test, an unpowered toy car of mass 4.0 kg is held against a spring, compressing the spring by 0.50 m, and
then released, as shown in the figure.

There is negligible friction while the car is in contact with the spring.

The figure also shows the force–extension graph for the spring.
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A second test is done, where the spring is not compressed as far, and the car moves off at a speed of 2.0 m s–1.

Calculate the impulse given to the car by the spring. Include an appropriate unit.

More exam questions are available in your learnON title.
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2.3 Work done

KEY KNOWLEDGE

• Investigate and apply theoretically and practically the concept of work done by a constant force using:
• work done = force × displacement
• work done = area under force–distance graph (one dimensional only).

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

work energy transferred to or from
another object by the action of a
force. Work is a scalar quantity.

The amount of energy transferred to or from another object or transformed to or from
another form by the action of a force is called work.

The change in energy, ΔE, caused by a force acting on the object in the same plane as
the motion is the work being done.

2.3.1 Calculating work done by a constant force
The work, W, done when a force, F, causes a movement along a displacement, s, in the direction of the force is
defined as:

work = force× displacement along the direction of the force
W = F× s

Work is a scalar quantity. The SI unit of work is the joule. One joule of work is done when a force of 1 newton
causes a displacement of 1 metre in the same direction as the force.

The work done on an object of mass m by the net force acting on it is given by:

W = Fnets
W = mas

where: W is the work done, in J

s is the object’s displacement, in the direction of motion, in m

F is the force, in N

m is the mass, in kg

a is the acceleration of an object, in m s–2

When the force is applied at an angle to the direction of the movement, then vectors need to be used. The
component of force parallel to the direction of motion needs to be found.

Consider a student pulling a box along the ground using a piece of rope. The angle between the applied force
and the direction of displacement is 𝜃. It is this angle that allows the separation of the force in the direction of
the displacement from the total force applied.
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FIGURE 2.5 The angle between the applied force and direction changes the work done.

θ

W=Fs cos 𝜃
where: cos 𝜃 is the cosine of angle of the force to the distance moved of the object

W is the work done, in J

s is the magnitude of the object’s displacement, in m

F is the magnitude of the force, in N

When the force and the movement of the object are in the same direction, 𝜃 = 0°. Since cos 0°= 1, the formula
for work done can be simplified to W=Fs.

When the force and the displacement of the object are in opposite directions, 𝜃 = 180°. Since cos 180°=−1, it
can be concluded that the work leads to a loss of energy.

Since work is only considered to be done when a force (or a component of a force) is in the direction of the
movement of the object, it can be seen that if an object is being carried at 90° to the direction of movement,
no work is being done on the object. This is because cos 90°= 0. Sometimes, rather than s, you may see Δx or
d used to describe the movement in the horizontal direction. In this resource, the displacement s is being used.
However, as work is a scalar quantity, we often use distance, d, for the magnitude of displacement.

SAMPLE PROBLEM 4 Calculating the work done when an object is pulled at an angle
tlvd-8960

Calculate the work done on a box when it is pulled by a rope that is at an angle of 30∘ to the direction
of the movement. The box moves a distance of 585 m and the total force exerted on the box is 500 N.

THINK WRITE

1. Use the formula for work when the direction of
movement is angled.

W = Fs cos 𝜃
2. Substitute in the values F = 500 N; s = 585 m;𝜃 = 30° W = 500× 585 cos 30°
3. Determine the work done on a box in joules. W = 2.53× 105 J
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PRACTICE PROBLEM 4

Calculate the work done on a container when it is pulled by a rope that is at an angle of 52° to the
direction of the movement. The box moves a distance of 231 m and the total force exerted on the box is
440 N.

2.3.2 Calculating work done using a force–distance graph
The work done by a force can also be found by determining the area under a force–distance graph. This is
particularly useful if the force is not constant. The techniques to calculate the area under a graph were outlined
in section 2.2.1 under ‘Calculating impulse from a force–time graph’. Note that where the nature of the motion
described is such that distance and displacement are the same, you can also calculate work from the area under a
force–displacement graph.

SAMPLE PROBLEM 5 Using a force–distance graph to determine the amount of the work
done by a forcetlvd-8961

Using the following graph, determine the amount of work done by the force when the object moves
from 0 to 5 m.
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THINK WRITE

1. The work done is the area under the line
between 0 and 5 m.
Determine the dimensions of this area.
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The base of the triangle is 5 and the height is 5.
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2. Calculate the area of the triangle to determine
the amount of work done using the following

formula: Atriangle= 1

2
× base× height

Atriangle = 1

2
× 5× 5= 12.5 J≃ 1× 101, to 1 s. f.

PRACTICE PROBLEM 5

Determine the amount of work done by the force when the object moves from 5 to 8 m (using the
graph from sample problem 5).

2.3 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

2.3 Quick quiz 2.3 Exercise 2.3 Exam questions

2.3 Exercise

1. A total of 10 000 J of energy is used to move a ute a distance of 50 m. What is the size of the force applied?
2. You use a rope, at 30° to the horizontal, to pull a box of your old physics textbooks along a brick-paved

pathway. The box has a mass of 8.0 kg and you drag it for 5.0 m towards the shed. The tension in the rope,
FT, is 40 N, and the frictional force, FR, is 20 N. Determine the total work done on the box.

3. A weightlifter lifts a 125-kg barbell to a height of 1.1 m, at constant speed. Calculate the work done by the
weightlifter.

4. An elastic band is stretched 40 cm and then released. Using the graph calculate the work done when the
elastic band is released.
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5. The science laboratory is on the second floor of the school building. Jo, a fellow science student, carries her
5.1-kg backpack up the two flights of stairs. The two flights of stairs have a height of 7.0 m. How much work
has Jo done on her backpack while carrying it up the stairs?
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2.3 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.8; © VCAA

MC The graph below shows force versus compression for a spring used in a Physics investigation.
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Which one of the following is closest to the compression required to store 0.9 J of potential energy in the spring?
A. 0.05m
B. 0.06m
C. 0.07m
D. 0.08m

Question 2 (4 marks)
Source: VCE 2016, Physics Exam, Section A, Q.4a, b; ©VCAA

In a test, an unpowered toy car of mass 4.0 kg is held against a spring, compressing the spring by 0.50 m, and
then released, as shown in the figure.

There is negligible friction while the car is in contact with the spring.

The figure also shows the force–extension graph for the spring.
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a. Determine the energy stored in the spring before release. (2 marks)
b Calculate the speed of the car as it leaves the spring. Ignore any frictional forces. (2 marks)
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Question 3 (2 marks)

A satellite moves in uniform circular motion under the influence of the gravitational force of the planet at the
centre of its orbit.

A student claims that the kinetic energy of the satellite should change because of the work done on the satellite
by the gravitational pull of the planet.

Explain whether this claim is correct or incorrect.

Question 4 (2 marks)

The following graph shows the force applied by a bulldozer moving a large boulder a total distance of 4 metres.
Calculate the work done by the bulldozer. Assume both the force and the displacement are in the same direction.
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Question 5 (2 marks)

A student applies a force with their foot to crush an aluminium can. The variation of the force exerted by their foot
on the can is shown in the following graph. Calculate the work done by their foot on the can.
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More exam questions are available in your learnON title.
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2.4 Kinetic and potential energy

KEY KNOWLEDGE

• Analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential
energy and energy dissipated to the environment (considered as a combination of heat, sound and
deformation of material):

• kinetic energy at low speeds: Ek= 1

2
mv2; elastic and inelastic collisions with reference to

conservation of kinetic energy

• strain potential energy: area under force–distance graph including ideal springs obeying Hooke’s

Law: Es= 1

2
k∆x2

• gravitational potential energy: Eg=mg∆h or from area under a force-distance graph and area under
a field-distance graph multiplied by mass.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

Energy can be transferred from one object to another. The quantity of energy transferred is equal to the
amount of work done. Energy can be transferred as a result of temperature difference (heating or cooling), by
electromagnetic and nuclear radiation, or by the action of a force.

When you serve in a game of tennis, energy is transferred from the tennis racquet to the tennis ball. The energy
is transferred to the tennis ball by the force applied to it by the tennis racquet. Energy can also be transformed
from one form into another by the action of a force. For example, a tennis ball falling to the ground has its
gravitational potential energy transformed into kinetic energy. The transformation of the energy possessed by
the ball from one form into another is caused by the gravitational force acting on the ball.

2.4.1 Law of Conservation of Energy
Energy cannot be created or destroyed. It can only be converted from one form into another. This is the Law of
Conservation of Energy. During most energy transformations, some energy is degraded into less useful forms,
heating the surroundings and causing noise. If air resistance and other types of friction are small, the amount of
energy degraded can be considered negligible.

When two objects collide, the total energy of the system, which includes the two objects and the surroundings
(the air and ground), is conserved. However, the total energy of the two objects is not conserved because, when
they make contact, some of their energy is transferred to the surroundings.

2.4.2 Kinetic energy
Kinetic energy is the energy associated with the movement of an object. Like all forms of energy, kinetic energy
is a scalar quantity.

Kinetic energy is the energy associated with the movement of an object. The kinetic energy,
Ek, of an object of mass m and speed v is expressed as:

Ek= 1

2
mv2

The kinetic energy, Ek, of an object is equal to the work done on the object by the net force.
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Recall from subtopic 2.3 that the work done on an object of mass m by the net force acting on it is given by:

W = Fnets= mas

where: s = the displacement of an object.

If we use the constant acceleration formulas (where the displacement, s, can be equated to the distance, d), work
can also be written as:

W = ma
(

v2−u2
)

2a= 1

2
mv2− 1

2
mu2

= ΔEk

kinetic energy energy associated
with the movement of an object.
Like all forms of energy, it is a
scalar quantity.

If the initial kinetic energy of the object is zero, the work done by the net force is
equal to the final kinetic energy. If work is done to stop an object, the work done
is equal to the initial kinetic energy.

SAMPLE PROBLEM 6 Determining the work and magnitude of a force to stop an object
tlvd-8962

A car of mass 600 kg travelling at 12.0 m s−1 collides with a concrete wall and comes to a complete
stop over a distance of 30.0 cm. Assume that the frictional forces acting on the car are negligible.
a. How much work was done by the concrete wall to stop the car?
b. What was the magnitude of net force acting on the car as it came to a halt?

THINK WRITE

a. As it is known that the car comes to a complete
stop, the final kinetic energy is 0. As the change
in kinetic energy is being calculated, you only
need to focus on the initial kinetic energy.

a. The net force on the car is equal to the force applied
by the wall. The work done by the wall, W, is given
by:

W=ΔEkΔEk= 1

2
mv2, where m = 600 kg and

v = 12.0 m s–1.

W = 1

2
mv2

= 1

2
× 600× (12.0)2= 4.32× 104 J

b. The magnitude is determined by:
W=Fnet × d

b. W = Fav × d

4.32× 104 = Fnet × 0.300
(Fav=Fnet in this case)⇒Fnet = 1.44× 105 N
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PRACTICE PROBLEM 6

A car travelling at 15 m s−1 brakes heavily before colliding with another vehicle. The total mass of the
car is 800 kg. The car skids for a distance of 20 m before making contact with the other vehicle at a
speed of 5.0 m s−1.
a. How much work is done on the car by road friction during braking?
b. Calculate the average road friction during braking.

Elastic and inelastic collisions
The Law of Conservation of Momentum states that when a collision between two objects occurs, the total
momentum of the two objects remains constant.

This statement is valid as long as the two objects comprise an isolated system — that is, as long as there are no
external forces acting on each of the objects.

Consider the differences between the two collisions shown in figure 2.6: a collision between two billiard balls
on a smooth, level billiard table, and a head-on collision between two cars travelling in opposite directions on a
level, icy road.

The two billiard balls can be considered to be an isolated system. The total momentum of the two billiard balls
immediately after the collision is the same as it was immediately before the collision. (It is also the same during
the collision. Momentum, unlike energy, cannot be stored.) The two cars can also be considered to be an isolated
system, because the frictional forces on the cars are relatively small. Therefore, the total momentum of the cars
immediately after the collision is the same as it was immediately before the collision.

FIGURE 2.6 Two collisions — momentum is conserved in both of them.
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What’s the difference?

Apart from the difference between the masses of the objects involved in the collisions, there is one obvious
difference:

elastic collision collision in
which the total kinetic energy
is conserved

inelastic collision collision in
which the total kinetic energy is
not conserved

strain potential energy energy
stored in an object as a result of a
reversible change in shape

• The collision between the two billiard balls is an almost perfect elastic collision. An elastic collision is one
in which the total kinetic energy after the collision is the same as it was before the collision. The sound
made when the balls collide provides evidence that the collision is not quite perfectly elastic. Some of the
initial kinetic energy of the system is transferred to particles in the surrounding air (and within the balls
themselves). However, when making predictions about the outcome of such a collision, it would be quite
reasonable to treat the collision as a perfectly elastic one. In fact, a perfectly elastic ‘collision’ can only
take place if the interacting objects do not actually make contact with
each other. A perfectly elastic interaction can take place when two electrons
move towards each other in a vacuum.

• The collision between the two cars is an inelastic collision. Even though
momentum is conserved, the total kinetic energy of the cars after the
collision is considerably less than it was before the collision. A significant
proportion of the initial kinetic energy of the system is transferred to the
bodies of both cars, changing their shapes and heating them. Some of the
initial kinetic energy is also transformed to sound energy.

Resources

Interactivity Colliding dodgems (int-6610)

2.4.3 Strain potential energy

FIGURE 2.7 A jack-in-the-box. When the lid
opens, the spring does work on the ‘jack’,
transforming strain potential energy into
kinetic energy.

 

The energy stored in an object by changing its length or
shape is usually called strain potential energy if the object
can return naturally to its original shape. Work must be done
on an object by a force in order to store energy as strain
potential energy. However, when objects are compressed,
stretched, bent or twisted, the force needed to change their
shape is not constant. For example, the more you stretch a
rubber band, the harder it is to stretch it further. The more
you compress the sole of a running shoe, the harder it is to
compress it further.

The strain potential energy of an object can be determined by
calculating the amount of work done on it by the force. This
can be found by calculating the area under a graph of force
versus change in length (which is referred to as the distance,
compression or extension).

Strain potential energy stored in an object can do work on
other objects, transforming the energy into another form.
When you close the lid of a jack-in-the-box, you do work on
the spring to increase its strain potential energy, transferring
energy from your body to the spring. When the lid is opened
and the spring is released, the spring does work on the ‘jack’,
transforming strain potential energy into kinetic energy and
gravitational potential energy.
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SAMPLE PROBLEM 7 Calculating the strain potential energy stored in a spring using a
force versus compression graphtlvd-8963

The following graph shows how the force required to compress a jack-in-the-box spring changes as
the compression of the spring increases.
How much energy is stored in the spring when it is compressed by 25 cm?
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THINK WRITE

1. The energy stored in the spring is equal to the
amount of work done on it. This is the area
under the line in the graph.

W = area under graph= area A+ area B+ area C

2. Determine the sections under the graph to
calculate the area. As work is in m, convert
the horizontal units to m from cm.

Area A = 1

2
× 0.15× 15= 1.125 Nm

Area B = 0.10× 15= 1.5 Nm

Area C = 1

2
× 0.10× 5.0= 0.25 Nm

3. Calculate the total area. A+B+C = 1.125+ 1.5+ 0.25= 2.9 N m

4. Determine the stored energy (remembering
that J is the same as N m).

The stored energy is 2.9 J.

PRACTICE PROBLEM 7

The length of the spring represented by the graph in sample problem 7 is 35 cm.
a. How much strain potential energy is stored in the spring when its length is 15 cm?
b. What is the length of the spring when 0.50 J of strain potential energy is stored in it due to

compression? (This question is a little harder.)
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Hooke’s Law springs to mind
Robert Hooke (1635–1703) investigated the behaviour of elastic springs and found that the restoring force
exerted by the spring was directly proportional to its displacement. The force is called a restoring force because
it acts in a direction that would restore the spring to its natural length.

In vector notation, Hooke’s Law states:

F=−kx
where: F = restoring force, in N

x = displacement (stretch or compression) of the end of the spring from its natural
position, in m

k = spring constant (known as the force constant), in N m−1

The negative sign is necessary because the restoring force is always in the opposite
direction to the displacement.

It is usually more convenient to express Hooke’s Law in terms of magnitude so that the negative sign is not
necessary. That is:

F= kx

restoring force force applied by
a spring to resist compression or
extension

where: F = magnitude of the restoring force

x = compression or extension of the spring

k = spring constant

Important points to remember include:
• Hooke’s Law applies to springs within certain limits. If a spring is compressed or extended so much that

it is permanently deformed — unable to return to its original natural length — Hooke’s Law no longer
applies.
• The magnitude of the restoring force is equal to the force that is compressing or extending the spring

(Newton’s Third Law).
• The measure x is not the length of the spring. It is a measure of its compression or extension — the change

in length of the spring.
• The spring constant has SI units of N m−1.
• A graph of F versus x produces a straight line with a gradient of k.

The strain potential energy of a spring that obeys Hooke’s Law can be expressed as:

Es= 1

2
kx2
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This can be verified by calculating the work done in extending
the spring described in figure 2.8. If the spring obeys Hooke’s
Law, then calculating the area under the graph of force versus
extension gives:

strain potential energy = work done on spring= area under graph= 1

2
Δx× kx

Es = 1

2
kx2

FIGURE 2.8 The strain potential energy of a
spring is equal to the area under the graph.
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SAMPLE PROBLEM 8 Calculating the spring constant and strain potential energy using
Hooke’s Law

tlvd-8964

The following graph describes the behaviour of two springs that
obey Hooke’s Law. Both springs are extended by 20 cm.
a. What is the spring constant of spring A?
b. Which spring has the greatest spring constant?
c. What is the strain potential energy of spring B when its extension

is 0.20 m?
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THINK WRITE

a. The spring constant k is equal to the gradient
of the graph. Looking at spring A, the ‘rise’ of
the graph is 40 N and the ‘run’ is 0.20 m.

a. k = 40

0.20= 2.0× 102 Nm−1

b. The gradient of the graph for spring A is
greater than that for spring B.

b. Therefore, spring A has a greater spring
constant than spring B — in fact, it is twice
the size.

c. 1. Since the spring obeys Hooke’s Law, the
strain potential energy of spring B can be
calculated using the formula.

c. Strain potential energy = 1

2
kx2

2. Determine k (the gradient). Looking at
spring B, the ‘rise’ of the graph is 20 N and
the ‘run’ is 0.20 m.

k = gradient= 20

0.20= 1.0× 102 Nm−1

3. Use the formula to determine the strain
potential energy.

Strain potential energy= 1

2
× 1.0× 102 × 0.202= 2.0 J
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PRACTICE PROBLEM 8

a. What is the spring constant of spring B, described in sample problem 8?
b. How much strain potential energy is stored in spring A when it is extended by 20 cm?

SAMPLE PROBLEM 9 Calculating the speed of an object using Hooke’s Law
tlvd-8965

A toy car of mass 0.50 kg is pushed against a spring so that it is compressed by 0.10 m. The spring
obeys Hooke’s Law and has a spring constant of 50 N m−1. When the toy car is released, what will its
speed be at the instant that the spring returns to its natural length? Assume there is no friction within
the spring and no frictional force resisting the motion of the toy car.

THINK WRITE

1. Determine the formula for strain potential energy. Strain potential energy =
1

2
kx2

2. Substitute in the provided values:
k = 50 N m−1; x = 0.10 m

1

2
kx2 = 1

2
× 50× (0.10)2= 0.25 J

3. Determine the speed when the spring returns to its

natural length using
1

2
mv2= energy transformed

where: m = 0.50 kg and the energy transformed
= 0.25 J (from step 2)

1

2
mv2= energy transformed

1

2
× 0.50× v2 = 0.25

⇒ v2 = 0.25
1
2 × 0.50⇒ v = 1.0m s−1

4. Respond to the question. The speed of the toy car is 1.0 m s−1.

PRACTICE PROBLEM 9

A model car of mass 0.40 kg travels along a frictionless horizontal surface at a speed of 0.80 m s−1. It
collides with the free end of a spring that obeys Hooke’s Law. The spring constant is 100 N m–1.
a. How much strain potential energy is stored in the spring when the car comes to a stop?
b. What is the maximum compression of the spring?

INVESTIGATION 2.2
elog-1878

tlvd-8745

The properties of a coil spring

Aim

To determine whether the force applied by a coil spring extending a suspended mass is directly proportional to
the extension of the coil spring and thereby verify Hooke’s Law
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2.4.4 Gravitational potential energy
Gravitational potential energy is 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. The gravitational potential energy of an object increases the
further it moves away from the object it is attracted to and decreases the closer it gets to the attracted object.

When you drop an object, the gravitational force does work on it, transforming gravitational potential energy
to kinetic energy as it falls. When you lift an object, you do work on the object to increase its gravitational
potential energy. (Energy is transferred from your body to the object.)

Calculating gravitational potential energy
gravitational potential energy
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

A quantitative definition of gravitational potential energy can be stated by determining
how much work is done in lifting an object of mass m through a height Δh. To lift an
object without changing its kinetic energy, a force, F, equal to the force due to gravity
acting on the object is needed. The work done is:

W = Fs= mgΔh⇒ΔEg = mgΔh
where: ΔEg is the change in gravitational potential energy, in J

m is the mass of the object, in kg

g is the acceleration due to gravity, in m s–2Δh is the change in height of an object, in m

It is important to remember that the change in gravitational potential energy as a result of a particular change in
height is independent of the path taken. The change in gravitational potential energy of the diver in figure 2.9
is the same whether she falls from rest, jumps upwards first or completes a complicated dive with twists and
somersaults.

FIGURE 2.9 The change in gravitational potential energy of the diver is independent of the path taken.

∆h ∆h
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SAMPLE PROBLEM 10 Calculating gravitational potential energy and velocity
tlvd-8966

A water slide has a drop of 9.0 m. A child of mass 35 kg sits at the top.
a. What is the child’s gravitational potential energy?
b. How fast will the child be travelling when they hit the water? Ignore any frictional losses.

THINK WRITE

a. Determine the gravitational energy of the child usingΔEg=mgΔh, where m = 35 kg, g = 9.8 m s–2 andΔh = 9.0 m.

a. ΔEg = mgΔh= 35× 9.8× 9.0= 3.1× 103 J

b. Determine the gravitational energy of the child using
1

2
mv2=mgΔh. b.

1

2
mv2 = mgΔh⇒ v2 = 2gΔh
v =√

2× 9.8 m s−2 × 9.0 m= 13 m s−1

PRACTICE PROBLEM 10

The maximum height of a roller-coaster ride is 30 m above the ground. The lowest height of the ride is
5.0 m.
a. What is the change in gravitational potential energy of a 60-kg passenger?
b. If the passenger was travelling at 0.50 m s−1 at the top, what would be their maximum speed at the

lowest point?

Calculating gravitational potential energy using a graph of force versus height
The change in gravitational potential energy is equal to the work done on an object. It can be found by
calculating the area under a graph of force versus height.

FIGURE 2.10 The area under a graph of force versus height can be used to calculate the change in gravitational
potential energy.
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The quantity g is known as the gravitational field strength (sometimes referred to as gravitational field).

The change in gravitational potential energy of an object can be determined by calculating the area under a
graph of gravitational field strength versus height (equal to gΔh) and multiplied by its mass.
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2.4.5 Energy transformations in collisions
Whether or not a collision is elastic depends on what happens to the colliding objects during the collision. When
two objects collide, each object is deformed. Each object applies a force on the other — the forces are equal and
opposite! The size of the applied force increases as the deformation increases (just like a compressed spring). If
each object behaves elastically, all the energy stored as strain potential energy during deformation is returned to
the other object as kinetic energy. The collision is therefore elastic.

In the collision between the two billiard balls discussed earlier, the work done on each ball as it returns to its
original shape is almost as much as the work done during deformation. Therefore, almost all the strain potential
energy stored in each ball while they are in contact with each other is returned as kinetic energy. This is an
example of nearly perfect elastic collision.

The graph in figure 2.11 shows that, in an elastic collision, the work done on an object during deformation (the
area under the force versus deformation graph) is equal to the work that the object does on the other object as
it returns to its original shape. The graph in figure 2.12 illustrates a collision between two electrons. The work
done to slow down the approaching electron is the same as the work done to increase its speed during separation.

FIGURE 2.11 A graph of force versus
deformation for an object involved in an
elastic collision
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FIGURE 2.12 A graph of force versus
separation for an electron approaching
another electron
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Figure 2.13 shows that, even though the total kinetic energy and total strain potential energy change during an
elastic collision, the sum of the kinetic energy and strain potential energy is constant. In an inelastic collision,
the sum of the kinetic energy and strain potential energy decreases because energy is dissipated from the system
of objects to the environment as heat, permanent deformation of the objects and sound.

FIGURE 2.13 Energy transformations during an elastic collision
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EXTENSION: Crumple zones

The crumple zones at the front and rear of cars are designed to reduce injuries by ensuring that the collisions
are not elastic. Between these crumple zones is the more rigid passenger ‘cell’. This is designed to protect
occupants from the intrusion of the engine or other solid objects that could injure or even kill them.

According to Newton’s Second Law, the car’s crumple zone increases the time during which the velocity
changes. The result is a decrease in the deceleration of the occupants, reducing the severity of injury.

The reason that crumple zones work can be also understood by
analysing a collision’s energy transformations. When a car collides
with a rigid object, the object does work on the car, transforming
its kinetic energy into other forms of energy and some to its
surroundings. Most of the kinetic energy of the car is used to deform
the body of the car while some heats the surrounding air. Without
the crumple zone, the distance over which the force acts lessens,
and the car would likely rebound. The result would be a greater
acceleration (in magnitude) of occupants, and therefore a greater
chance of serious injury or death.

The effectiveness of gloves in baseball and cricket relies on this
same principle. Like the crumple zones of cars, they are designed
to ensure that collisions are inelastic.

FIGURE 2.14 Crumple zones at
the front and rear of cars absorb
energy and reduce the magnitude of
acceleration during an accident.

TOPIC 2 Relationships between force, energy and mass 115



SAMPLE PROBLEM 11 Calculating speed after a collision and determining whether a
collision is elastic

tlvd-8967

A white car of mass 800 kg is driven along a slippery straight road at a speed of 20 m s−1

(72 km h−1). It collides at a stationary blue car of mass 700 kg. During the collision, the blue car is
pushed forward at a speed of 12 m s−1.
a. What is the speed of the white car after the collision?
b. Show that the collision is not elastic.

THINK WRITE

a. 1. Assign the direction in which the
white car is moving as positive.
Assume that friction is negligible.
Momentum is calculated using the
formula p = mv. The mass of the white
car is 800 kg and the initial velocity
was 20 m s–1, and the mass of the blue
car is 700 kg and the initial velocity
was 0 m s–1.

a. The initial momentum of the system, pi, is given by:
pi = pwhite+ pblue= mwvw+mbvb= (800× 20)+ (700× 0)= 16 000+ 0= 1.6× 104 kgm s−1

2. Determine the final momentum of the
system using the formula, p = mv. The
mass of the white car is 800 kg and the
mass of the blue car is 700 kg and the
final velocity was 12 m s–1.

The final momentum of the system, pf, is given by:
pf = pwhite+ pblue= (800× vwhite)+ (700× 12)= 800× vwhite+ 8.4× 103

vwhite = velocity of the white car after the collision

3. Conservation of momentum states
pi= pf. 800 vwhite+ 8.4× 103 = 1.6× 104

800 vwhite = 7.6× 103⇒ vwhite = 9.5m s−1

The speed of the white car after the collision is 9.5 m s−1.

b. 1. If the collision is elastic, the total
kinetic energy after the collision will
be the same as the total kinetic energy
before the collision. Calculate the total

kinetic energy using
1

2
mv2 for both

the white and the blue car and adding
these together.

mwhite = 800 kg, vwhite initial = 20 m s–1, vwhite final = 9.5 m s–1

mblue = 700 kg, vblue initial = 0 m s–1, vblue final = 12 m s–1

Total kinetic energy before the collision is given by:
1

2
× 800× 202+ 1

2
× 700× 02= 1.6× 105 J

Total kinetic energy after the collision is given by:
1

2
× 800× 9.52+ 1

2
× 700× 122= 8.7× 104 J

2. Show that the collision is not elastic. Kinetic energy is not conserved. The collision is not
elastic.
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PRACTICE PROBLEM 11

a. A green dodgem car of mass 400 kg has a head-on collision with a red dodgem car of mass 300 kg.
Both dodgem cars were travelling at a speed of 2.0 m s−1 before the collision. What is the rebound
speed of the green dodgem car if the red dodgem car rebounds at a speed of:
i. 1.0 m s−1
ii. 2.0 m s−1?

b. Are either of the collisions in part (a) elastic? If so, which one?

EXTENSION: The importance of airbags

FIGURE 2.15 Testing airbags
Most deaths and injuries in car crashes are caused by
collisions between occupants and the interior of the car.
Driver front airbags are designed to reduce the injuries
caused by impact with the steering wheel and should
inflate only in head-on collisions.

Airbags inflate when the crash sensors in the car detect
a large deceleration. When the sensors are activated,
an electric current is used to ignite a chemical called
sodium azide (NaN3). The sodium azide stored in a
metal container at the opening of the airbag burns
rapidly, producing sodium compounds and nitrogen
gas. The reaction is explosive, causing a noise like the
sound of gunfire. The nitrogen gas inflates the airbag
to a volume of about 45 L in only 30 ms. When the
driver’s head makes contact with the airbag, the airbag
deflates as the nitrogen gas escapes through vents in
the bag. The dust produced when an airbag is activated
is a mixture of the talcum powder used to lubricate
the bags and the sodium compounds produced by
the chemical reaction. Deflation must be rapid enough to allow the driver to see ahead after the accident. The
collision of the driver with the airbag is inelastic. Most of the kinetic energy of the driver’s body is transferred to
the nitrogen gas molecules, as kinetic energy.

INVESTIGATION 2.3
elog-1880

tlvd-10811

Elastic and inelastic interactions

(a) To record the motion of two objects during an interaction between them and determine the velocity of each
object before and after the interaction

(b) To determine the momentum of two objects before and after three different types of interaction and,
subsequently, determine whether the total momentum is conserved

(c) To determine the kinetic energy of two objects before and after three different types of interaction and,
subsequently, determine whether the total kinetic energy is conserved

(d) To distinguish between elastic and inelastic collisions

Resources

Weblink Car safety systems

TOPIC 2 Relationships between force, energy and mass 117



2.4 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

2.4 Quick quiz 2.4 Exercise 2.4 Exam questions

2.4 Exercise

1. A tennis ball drops vertically onto a hard surface.
a. Is the collision of the falling ball with the ground elastic?
b. How do you know?
c. Is momentum conserved during this collision?

2. Two cars of equal mass and travelling in opposite directions on a wet and slippery road collide and lock
together after impact. Neither car brakes before the collision. The tangled wreck moves off in an easterly
direction at 5.0 m s−1 immediately after the collision. One car was travelling west at 20 m s−1 immediately
before the collision.
a. What was the initial velocity of the other car?
b. What fraction of the initial kinetic energy was ‘conserved’ during the collision?

3. The graph shown describes the behaviour of three springs as known
masses are suspended from one end.
a. What is the force applied by spring A to a 1.0-kg mass suspended

from one end?
b. What is the spring constant of spring B?
c. Which spring has the greatest stiffness?
d. How much work is done by a 500-g mass on spring C to extend it

fully?
e. Which spring has the greatest strain energy at maximum

extension?
4. A weightlifter raises a 150-kg barbell vertically through a height of

1.20 m.
a. Sketch a graph of gravitational field strength versus height of the

barbell.
b. Use the graph to determine the change in gravitational potential

energy of the barbell.
c. How much work did the weightlifter do on the barbell?

5. Calculate the gravitational potential energy of the following objects.
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a. A 70-kg pole vaulter 6.0 m above the ground
b. An 80-kg pile driver raised 7.0 m above the pile
c. A 400-kg lift at the bottom of an 80-m mine shaft relative to the ground

6. A 900-kg car travelling at 20 m s−1 on an icy road collides with a stationary truck. The car comes to rest over a
distance of 40 cm.
a. What is the initial kinetic energy of the car?
b. How much work is done by the truck to stop the car?
c. What average force does the car apply to the truck during the collision?

7. A rock is dropped from a height into mud and penetrates. If it was dropped from twice the height, compare
the original penetration depth to the second penetration depth.
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2.4 Exam questions

Question 1 (7 marks)
Source: VCE 2021 Physics Exam, Section B, Q.9a; © VCAA

Abbie and Brian are about to go on their first loop-the-loop roller-coaster ride. As competent Physics students,
they are working out if they will have enough speed at the top of the loop to remain in contact with the track while
they are upside down at point C, shown in Figure 9. The radius of the loop CB is r.

 

A

15 m
X metres

C

B

Figure 9

The highest point of the roller-coaster (point A) is 15 m above point B and the car starts at rest from point A.
Assume that there is negligible friction between the car and the track.
a. What is the speed of the car at point B at the bottom of the loop? Show your working. (2 marks)
b. What is the maximum height of the loop (X metres) that will ensure that the car stays in contact with track at

point C? Show your working. (2 marks)
c. If friction is taken into account, will Abbie and Brian need to increase or decrease their predicted value for the

radius of the loop? Explain your answer. (3 marks)

Question 2 (8 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.5; © VCAA

Students conduct an experiment in which a mass of 2.0 kg is suspended from a spring with spring constant
k=100Nm−1.
Ignore the mass of the spring.

Take the gravitational field, g, to be 10Nkg−1
Take the zero of gravitational potential energy when the mass is at its lowest point.

The experimental arrangement is shown in Figure 6.

 

unstretched

position y

equilibrium

position

Figure 6

lowest point

of oscillation 

release

position
x

a. The mass is attached to the spring and slowly lowered to its equilibrium position.
Calculate the extension, y, of the spring from its unstretched position to its equilibrium position.
Show your working. (2 marks)

b. The mass is now raised to the unstretched length of the spring and released so that it oscillates vertically.
i. Determine the distance, x, from the release position to the point at which the mass momentarily comes to
rest at the lowest point of oscillation. Ignore frictional losses. Show your working. (2 marks)

ii. Calculate the maximum speed of the mass. Show your working. (4 marks)
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Question 3 (9 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.9; © VCAA

A spring launcher is used to project a rubber ball of mass 2.0 kg vertically upwards. The arrangement is shown in
Figure 6.

The ball is driven by a spring, which is compressed and released. When the spring reaches the top, point X, it is
held stationary, but is still partly compressed as the ball leaves the launcher. Assume that the spring has no mass.

 

1.0 m X

Y

X

Y

uncompressed

position

ball leaves

spring

launcher

here

uncompressed spring compressed spring

Figure 6

ball launched

0.50 m

The force–distance graph of the spring is shown in Figure 7, on which the lower and upper positions of the spring
in the spring launcher are marked.
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a. Calculate the spring constant, k, of the spring. (2 marks)
b. Calculate the change in spring potential energy of the spring as it goes from the lowest point, Y, to the highest

point, X. (3 marks)
c. The spring, with a ball in place, is released from point Y. It moves up to point X, where it is stopped and the

ball is launched.
Calculate the speed of the ball when it leaves the spring launcher. Show the steps involved in your
working. (4 marks)
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Question 4 (2 marks)
Source: VCE 2017, Physics Exam, Section B, Q.8.b; © VCAA

A roller-coaster is arranged so that the normal reaction force on a rider in a car at the top of the circular arc at
point P, shown in Figure 7, is briefly zero. The section of track at point P has a radius of 6.4 m.

 

5.0 m

Figure 7

Q
6.4 m

P

The car is faulty and only achieves a speed of 4.0m s–1 at the top of the arc at point P.

Calculate how fast this car would be moving when it reaches the bottom at point Q, 5.0m below point P. Assume
that there is no friction and no driving force on the car.

Question 5 (3 marks)
Source: VCE 2017, Physics Exam, Section B, Q.12; © VCAA

Students are using two trolleys, Trolley A of mass 4.0 kg and Trolley B of mass 2.0 kg, to investigate kinetic
energy and momentum in collisions.

Before the collision, Trolley A is moving to the right at 5.0 m s–1 and Trolley B is moving to the right at
2.0 m s–1, as shown in Figure 10a. The trolleys collide and lock together, as shown in Figure 10b.

 

A 4.0 kg B 2.0 kg

Figure 10a Figure 10b

A B

5.0 m s–1 2.0 m s–1

Determine, using calculations, whether the collision is elastic or inelastic. Show your working and justify
your answer.

More exam questions are available in your learnON title.
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2.5.2 Key ideas summary

2.5.3 Key terms glossary

Resources

Solutions Solutions — Topic 2 (sol-0816)

Practical investigation eLogbook Practical investigation eLogbook — Topic 2 (elog-1633)

Digital documents Key science skills —VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 2 (doc-37167)
Key ideas summary — Topic 2 (doc-37168)

Exam question booklet Exam question booklet — Topic 2 (eqb-0099)
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2.5 Review questions
1. Two billiard balls with identical mass, m, collide with one another. Ball 1 has an initial velocity of 5 m s−1 to

the right. After the collision, ball 1 continues to move to the right, now with a velocity of 0.8 m s−1.
Calculate the velocity of ball 2 before the collision if the collision is completely elastic. Assume the system
is isolated and has no external forces acting on it.

2. A contractor lifts a 10-kg tool box up 0.40 m to hand to a colleague, at constant speed. Calculate the work
done by the contractor.

3. The ancient Egyptians relied on knowledge of the physics of energy transformations to build the Great
Pyramids at Giza. They used ramps to push limestone blocks with an average mass of 2300 kg to heights
of almost 150 m. The ramps were sloped at about 10° to the horizontal. Friction was reduced by pumping
water onto the ramps.

a. How much work would have been done to lift an average limestone block vertically through a height of
150 m?

b. How much work would have been done to push an average limestone block to the same height along a
ramp inclined at 10° to the horizontal? Assume that friction is negligible.

4. A 60-kg bungee-jumper falls from a bridge 50 m above a deep river. The length of the bungee cord when it
is not under tension is 30 m. Calculate the:

a. kinetic energy of the bungee-jumper at the instant that the cord begins to stretch beyond its natural length
b. strain energy of the bungee cord at the instant that the tip of the jumper’s head touches the water. (Her

head just makes contact with the water before she is pulled upwards by the cord.) The height of the
bungee-jumper is 170 cm.
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5. Two ice skaters, Melita and Dean, are performing an ice dancing routine. Dean (mass of 70 kg) glides
smoothly at a velocity of 2.0 m s−1 east towards a stationary Melita (mass of 50 kg), holds her around the
waist, and then they both move off together. During the whole move, no significant frictional force is applied
by the ice.

a. What is Dean’s momentum before making contact with Melita?
b. Where is the centre of mass of the system of Dean and Melita 3.0 s before impact?
c. What is the velocity of the centre of mass of the system before impact?
d. Calculate the common velocity of Melita and Dean immediately after impact.
e. What impulse is applied to Melita during the collision?

6. A car travelling at 60 km h−1 collides with a large tree. The front crumple zone folds, allowing the car to
come to a complete stop over a distance of 70 cm. The 70-kg driver is wearing a properly fitted seatbelt.
As a result, the driver’s body comes to rest over the same distance as the rest of the car behind the crumple
zone.

a. Determine the amount of work done by the seatbelt in stopping the driver
b. What is the magnitude of the average force applied to the driver by the seatbelt?
c. Estimate the magnitude of the force that would be exerted by the front interior of the car on an

unrestrained driver in the same accident. Assume that the driver does not crash through the windscreen.

7. Estimate the gravitational potential energy of the following objects.

a. The roller-coaster (as shown in the following image) when it is at the top of the loop, with reference to the
bottom of the loop, if the loop has a diameter of 10 m, and the cart has a mass of 4.5 tonnes

b. The high jumper (as shown in the following image) with reference to the ground, if the jumper has a mass
of 60 kg, and is attempting a 1.7-m jump

c. A 1.3-kg textbook on a 1.2-m high table, with reference to the floor
d. A 58-g tennis ball about to be hit, at a height of 3 m, during a serve with reference to the ground

8. Angela rides a toboggan down a slope inclined at 30° to the horizontal. She starts from rest and rides a
distance of 25 m down the slope. Angela and her toboggan have a combined mass of 60 kg.

a. How much work is done on Angela by the force of gravity?
b. If friction is negligible, what would her speed be at the end of her ride?
c. How much work is done on Angela by the normal reaction?
d. In reality, the frictional force on Angela is not negligible. Her speed at the end of her ride is measured to

be 7.2 m s–1. What is the magnitude of the frictional force?

9. A 1500-kg car travelling west at a speed of 20 m s−1 on an icy road collides with a 2000-kg truck travelling
at the same speed in the opposite direction. The vehicles lock together at impact.

a. What is the velocity of the tangled wreck immediately after the collision?
b. Use your answer to part a to determine what impulse is applied to the truck during the collision.
c. Which vehicle experiences the greatest change in velocity, in magnitude?
d. Which vehicle experiences the greatest change in momentum?
e. Which vehicle experiences the greatest force?
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10. The graph shows how the force applied by the rubber bumper
at the front of a 450-kg dodgem car changes as it is compressed
during factory testing.

a. If the dodgem car collides head-on with a solid wall at a speed
of 2.0 m s−1, what is the maximum compression of the front
rubber bumper?

b. How much work is done on the dodgem car by the rubber
bumper as it is compressed?

c. If the rubber bumper obeys Hooke’s Law, with what speed will
the dodgem car rebound from the wall?
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2.5 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.11; © VCAA

A force versus compression graph for a suspension spring is shown below.

force (kN)

4.0

3.0

2.0

1.0

0
0.01 0.02 0.03 0.04 0.05

compression (m)

Which one of the following is closest to the spring constant of the spring?

A. 0.16 N m−1

B. 1.0 × 102 N m−1

C. 1.6 × 102 N m−1

D. 1.0 × 105 N m−1
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Question 2

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

A force versus compression graph for a suspension spring is shown below.

force (kN)

4.0
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compression (m)

The spring is compressed to 0.02 m.

Which one of the following is closest to the potential energy stored in the spring?

A. 0.04 J

B. 0.20 J

C. 20 J

D. 40 J

Question 3

Source: VCE 2022 Physics Exam, Section A, Q.6; © VCAA

A railway truck (X) of mass 10 tonnes, moving at 3.0m s–1, collides with a stationary railway truck (Y), as shown in
the diagram below.

After the collision, they are joined together and move off at speed v=2.0m s–1.

 

X

(10 tonnes)

3.0 m s–1

2.0 m s–1

stationary

Y

X Y
v

After collision

Before collision

Which one of the following is closest to the mass of railway truck Y?

A. 3 tonnes

B. 5 tonnes

C. 6.7 tonnes
D. 15 tonnes
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Question 4

Source: VCE 2020 Physics Exam, Section A, Q.9; © VCAA

Two blocks of mass 5 kg and 10 kg are placed in contact on a frictionless horizontal surface, as shown in the
diagram below. A constant horizontal force, F, is applied to the 5-kg block.

 

F

5kg
10kg

Which one of the following statements is correct?

A. The net force on each block is the same.

B. The acceleration experienced by the 5 kg block is twice the acceleration experienced by the 10 kg block.

C. The magnitude of the net force on the 5 kg block is half the magnitude of the net force on the 10 kg block.

D. The magnitude of the net force on the 5 kg block is twice the magnitude of the net force on the 10 kg block.

Question 5

Source: VCE 2020 Physics Exam, Section A, Q.10; © VCAA

Two blocks of mass 5 kg and 10 kg are placed in contact on a frictionless horizontal surface, as shown in the
diagram below. A constant horizontal force, F, is applied to the 5-kg block.

F

5kg
10kg

If the force F has a magnitude of 250N, what is the work done by the force in moving the blocks in a straight line
for a distance of 20m?

A. 5 kJ

B. 25 kJ

C. 50 kJ

D. 500 kJ

Question 6

Source: VCE 2018 Physics Exam, NHT, Section A, Q.12; © VCAA

A golf club strikes a stationary golf ball of mass 0.040 kg. The golf club is in contact with the ball for one
millisecond. The ball moves off at 50m s–1.

The average force exerted by the club on the ball is closest to

A. 2.0N
B. 1.0×103 N
C. 2.0×103 N
D. 1.0×106 N
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Question 7

Source: VCE 2018, Physics Exam, Section A, Q.8; © VCAA

A railway truck X of mass 10 tonnes, moving at 6.0 m s–1, collides with a stationary railway truck Y of mass
5.0 tonnes. After the collision the trucks are joined together and move off as one. The situation is shown below.

10 tonnes
5.0 tonnes

6.0 m s–1

Before the collision

YX

X Y

After the collision

stationary

The final speed of the joined railway trucks after the collision is closest to

A. 2.0 m s–1

B. 3.0 m s–1

C. 4.0 m s–1

D. 6.0 m s–1

Question 8

Source: VCE 2018, Physics Exam, Section A, Q.9; © VCAA

A railway truck X of mass 10 tonnes, moving at 6.0 m s–1, collides with a stationary railway truck Y of mass
5.0 tonnes. After the collision the trucks are joined together and move off as one. The situation is shown below.

10 tonnes
5.0 tonnes

6.0 m s–1

Before the collision

YX

X Y

After the collision

stationary

The collision of the railway trucks is best described as one where

A. kinetic energy is conserved but momentum is not conserved.

B. kinetic energy is not conserved but momentum is conserved.

C. neither kinetic energy nor momentum is conserved.

D. both kinetic energy and momentum are conserved.
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Question 9

Source: VCE 2017, Physics Exam, Section A, Q.8; © VCAA

A model car of mass 2.0 kg is propelled from rest by a rocket motor that applies a constant horizontal force of
4.0 N, as shown below. Assume that friction is negligible.

rocket motor

model car

direction of motion

Which one of the following best gives the magnitude of the impulse given to the car by the rocket motor in the
first 5.0 s?

A. 4.0 N s

B. 8.0 N s

C. 20 N s

D. 40 N s

Question 10

Source: VCE 2017, Physics Exam, Section A, Q.13; © VCAA

A model car is on a track and moving to the right. It collides with and compresses a spring that is considered
ideal, as shown in the diagram below.

The car compresses the spring to 0.50 m when the car comes to rest. The force–distance graph for the spring is
also shown below.

Assume that friction is negligible.
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model car

What is the initial kinetic energy of the car?

A. 25 J

B. 50 J

C. 100 J

D. 200 J
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Section B — Short answer questions

Question 11 (2 marks)

Source: VCE 2021 Physics Exam, Section B, Q.8b; © VCAA

On 30 July 2020, the National Aeronautics and Space Administration (NASA) launched an Atlas rocket (Figure 7a)
containing the Perseverance rover space capsule (Figure 7b) on a scientific mission to explore the geology and
climate of Mars, and search for signs of ancient microbial life.

Figure 7a

Figure 7b

On 18 February 2021, the Perseverance rover space capsule, travelling at 20 000 km h−1, entered Mars’s
atmosphere at an altitude of 300 km above the surface of Mars. The mass of the capsule was 1000 kg.

Calculate the kinetic energy of the capsule at this point. Show your working.

Question 12 (3 marks)

Source: VCE 2018 Physics Exam, NHT, Section B, Q.7; © VCAA

Students are studying the behaviour of a golf club hitting a golf ball, treating it as a collision between the head of
the golf club and the golf ball only, as shown in Figure 4.

golf ball

Figure 4

golf club

The students take the following measurements.

mass of head of golf club 0.50 kg
mass of golf ball 0.040 kg
initial speed of golf club 45m s−1
final speed of golf club after hitting golf ball 40m s−1

The golf ball is stationary before being hit. The ball’s speed immediately after being hit is 63m s–1.

Use calculations to determine whether the collision is elastic or inelastic. Show your working.
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Question 13 (5 marks)

Source: VCE 2020 Physics Exam, Section B, Q.9; © VCAA

An ideal spring is compressed by 0.15 m. A ball of mass 0.20Kg is placed in contact with the compressed spring.
The spring is then released, causing the ball to move horizontally, with a velocity of v, across a smooth surface, as
shown in the figure.

3.0 m

v
spring

ground

a. If the spring constant is 1250 Nm−1, show that the magnitude of the initial velocity, v, of the ball is 12ms−1,
correct to two significant figures. Show your working. (2 marks)

b. Calculate the speed of the ball after it has fallen a vertical distance of 2.5m. Show your working. (3 marks)

Question 14 (12 marks)

Source: VCE 2020 Physics Exam, Section B, Q.10; © VCAA

Jacinda designs a computer simulation program as part of her practical investigation into the physics of vehicle
collisions. She simulates colliding a car of mass 1200 kg, moving at 10ms−1, into a stationary van of mass
2200 kg. After the collision, the van moves to the right at 6.5ms−1. This situation is shown in the figure.

Before collision

1200 kg 2200 kg

10 m s–1

car van

After collision

1200 kg 2200 kg

6.5 m s–1

car van

v?

a. Calculate the speed of the car after the collision and indicate the direction it would be travelling in.
Show your working. (4 marks)

b. Explain, using appropriate physics, why this collision represents an example of either an elastic or an inelastic
collision. (3 marks)

c. The collision between the car and the van takes 40 ms.

i. Calculate the magnitude and indicate the direction of the average force on the van by the car. (3 marks)

ii. Calculate the magnitude and indicate the direction of the average force on the car by the van. (2 marks)
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Question 15 (3 marks)

Source: VCE 2019, Physics Exam, Section B, Q.8; © VCAA

A 250 g toy car performs a loop in the apparatus shown in the figure.

A

B

h

0.40 m

The car starts from rest at point A and travels along the track without any air resistance or retarding frictional
forces. The radius of the car’s path in the loop is 0.20 m. When the car reaches point B it is travelling at a speed
of 3.0 m s–1.

Calculate the value of h. Show your working.
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UNIT 3 | AREA OF STUDY 1 REVIEW

AREA OF STUDY 1 How do physicists explain
motion in two dimensions?

OUTCOME 1

Investigate motion and related energy transformations experimentally, and analyse motion using Newton’s laws of
motion in one and two dimensions.

PRACTICE EXAMINATION

STRUCTURE OF PRACTICE EXAMINATION
Section Number of questions Number of marks

A 20 20

B 5 20

Total 40

Duration: 50 minutes
Information:

• This practice examination consists of two parts. You must answer all question sections.
• 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

SECTION A — Multiple choice questions

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

Use the following information to answer questions 1, 2 and 3:
A small van, with a mass of 2500 kg, was travelling at 25 m s−1 south when it collided with the rear of a car
travelling in the same direction. The velocity of the van is reduced to 15 m s−1 south over a time interval of 0.80 s.

1. Which of the following best describes the average acceleration of the van?

A. 12.5 m s−2 north

B. 12.5 m s−2 south

C. 8.0 m s−2 north

D. 8.0 m s−2 south

2. What is the impulse on the car by the van? You may assume the collision is isolated.

A. 12 500 N s north

B. 12 500 N s south

C. 25 000 N s north

D. 25 000 N s south
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3. How much kinetic energy was lost by the van during the collision?

A. 1.3×104 J
B. 2.8×105 J
C. 5.0×105 J
D. 7.8×105 J

Use the following information to answer questions 4, 5 and 6:
A golfer tees off by hitting a golf ball with a velocity of 40 m s–1 at an angle of 34° to the horizontal. You may
ignore the effects of air resistance.

4. Assuming the ball lands at the same height as the height from which it was hit, which of the following is the
closest to the expected range of the golf ball?

A. 61 m

B. 99 m

C. 134 m

D. 151 m

5. What is the maximum height the ball attains above the point where it was hit?

A. 26 m

B. 46 m

C. 56 m

D. 68 m

6. If the effects of air resistance are taken into consideration, what would happen to the range and the maximum
height attained by the golf ball?

A. The range would increase and the maximum height would decrease.

B. The range would increase and the maximum height would increase.

C. The range would decrease and the maximum height would increase.

D. The range would decrease and the maximum height would decrease.

Use the following information to answer questions 7 and 8:
A cyclist and her bicycle, total mass of 78 kg, negotiates a roundabout at a constant speed of 12 m s−1. The
diameter of her path around the roundabout is 18 m.

7. What is the nearest value for the net force on the tyres of the bicycle?

A. 50 N

B. 100 N

C. 620 N

D. 1250 N

8. The cyclist increases her speed to 14 m s−1; however, she decides to change the diameter of her path around
the roundabout so that the net force on the bicycle tyres remains the same. What should she do?

A. Increase the diameter of her path

B. Decrease the diameter of her path

C. Retain the same diameter of her path

D. There is insufficient information to determine the change required.
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Use the following information to answer questions 9 and 10:
A car is travelling over a crest with a radius of 9.0 m at a constant speed, v, as shown in the following diagram.

v

r = 9.0 m

9. The normal force on the car when it is at the top of the crest is zero (FN = 0 N). At what speed is the car
travelling?

A. 4.9 m s−1

B. 9.4 m s −1

C. 77 m s−1

D. 96 m s−1

10. The car travels over the crest again but this time at a lower speed. Which of the following is the expected
normal force on the car?

A. FN = 0 N

B. FN < 0 N

C. FN > 0 N

D. Unknown, since there is insufficient information

11. Two large dogs are playing tug-of-war. Each dog pulls with a force of magnitude 600 N.
The magnitude of the force exerted by the rope on each dog is closest to:

A. 0 N.

B. 300 N.

C. 600 N.

D. 1200 N.

12. Devi and Helen want to use a spring for a practical experiment but the one they found does not have its
spring constant labelled. They used slotted masses and a ruler to create the following force–distance plot
with a line of best fit.

Distance (mm)

Force (N)

15105
0

1

2

3
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The spring constant of the spring they found is closest to:

A. 0.2Nm−1.
B. 200Nm−1.
C. 500Nm−1.
D. 2000Nm−1.

13. At a game of footy, a 420-g ball, initially at rest, is kicked by a player. The contact between the player’s foot
and the ball lasts for 0.60 ms. The magnitude of the final velocity of the ball is 22m s−1.
Which one of the following is closest to the average force experienced by the ball?

A. 1.5 kN
B. 15 kN

C. 3.7 kN
D. 37 kN

14. A truck travelling at 90 km h−1 brakes to a complete stop over a distance of 40 m under a constant
braking force.
If the same truck had been travelling at 60 km h−1 instead, which of the following is closest to the braking
distance for the truck to come to a complete stop with the same constant braking force?

A. 40m

B. 30m

C. 27m

D. 18m

15. The force–distance graph of a bow being drawn is shown below.

Distance (m)

Force (N)

0.10 0.20
0

20

40

60

80

100

The amount of work done to draw the bow back 20 cm is closest to:

A. 8 J.

B. 16 J.

C. 8 kJ.

D. 16 kJ.
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Use the following information to answer questions 16 and 17:
A 3.0-kg mass is resting on a frictionless surface. It is connected via a frictionless pulley to a 2.0-kg mass by a
massless cable. The 2.0-kg mass is then allowed to fall due to gravity.

m = 3.0 kg

m = 2.0 kg

16. What is the magnitude of the acceleration of both masses?

A. 1.9 m s−2

B. 3.9 m s−2

C. 5.9 m s−2

D. 7.9 m s−2

17. If the two masses were swapped, what would happen to the magnitude of the acceleration when the 3.0-kg
falling mass is allowed to fall, compared to the magnitude of the acceleration in the case represented in the
diagram?

A. It would increase.

B. It would decrease.

C. It would stay the same.

D. There is insufficient information to determine this.

Use the following information to answer questions 18, 19 and 20:
A bowling ball is allowed to fall, due to gravity, onto a spring, as shown in the following diagram. As it comes into
contact with the spring, it begins to compress the spring. The ball continues to compress the spring until it stops
momentarily. After this moment, the spring begins to rebound and the bowling ball begins to move upwards. Air
resistance may be ignored.

18. What is the magnitude of the acceleration of the bowling ball just after it touches the spring?

A. Equal to g

B. Less than g

C. Greater than g

D. Equal to 0

19. What is the direction of the acceleration of the bowling ball just after it touches the spring?

A. Upwards

B. Downwards

C. Neither upwards nor downwards

D. Unknown, since there is insufficient information
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20. Which of the following statements is correct?

A. When the spring is extending, the strain potential energy of the spring increases, and when the spring is
compressing, its strain potential energy decreases.

B. The direction of the acceleration of the bowling ball changes from downwards to upwards when the
extending spring reaches its maximum extension.

C. At maximum compression of the spring, strain potential spring energy is at its maximum, and
is transformed into kinetic energy.

D. At maximum compression of the spring, the kinetic energy of the bowling ball is maximal.

SECTION B — Short answer questions

Question 21 (3 marks)

A minibus of mass 1700 kg travelling with a velocity of 25 m s−1 west collides head-on with a solid wall. The
minibus rebounds with a velocity of 5.0 m s−1 east. The minibus is in contact with the wall for 0.80 s. Assume that
no external force acts on this system.

Calculate the average force that the wall exerts on the minibus during the collision. Show your working.

Question 22 (5 marks)

A 3.0-kg model car starts from rest on an inclined plane. The car is initially 1.7 m above ground level. After
descending the ramp, the car comes to rest along a rough carpet surface, taking 6.0 m to completely stop. Ignore
any friction effects on the ramp.

a. Determine the initial gravitational potential energy of the car. (1 mark)

b. What is the kinetic energy of the car as it first leaves the ramp and meets the carpet? Explain your answer
using energy considerations. (1 mark)

c. Calculate the maximum speed of the car. (1 mark)

d. What is the work done on the car by the carpet? Explain your answer. (1 mark)

e. Determine the average force exerted on the car by the carpet. (1 mark)

Question 23 (4 marks)

A student is carrying out an experiment to investigate projectile motion. She fires a metal ball horizontally from a
bench top. The bench top is 0.90 m above the floor, and the ball hits the floor at a distance of 1.6 m from a point
directly below the edge of the bench. Assume that the floor is horizontal, and air resistance is negligible.

a. What is the elapsed time from when the ball leaves the edge of the bench to when it hits the floor? (1 mark)

b. At what speed did the ball leave the bench? (1 mark)

c. What is the speed of the ball just before it strikes the floor? Explain your answer. (2 marks)
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Question 24 (3 marks)

A car of mass 1100 kg is travelling at a constant speed of 12 m s−1 on a flat section of road that forms an arc of a
circle of radius 30 m. This situation is shown in the following diagram.

B

C

Direction

of travel

D

E

A

a. What is the magnitude of the net force acting on the car? (1 mark)

b. Which of the arrows A to E gives the direction of the net force acting on the car at the instant shown? (1 mark)

A road engineer has proposed replacing this flat section of road with a banked curve. The angle of the curve is
such that the same 1100-kg car could travel at the same speed of 12 m s−1 around the banked curve, without any
sideways friction on the tyres.

c. What should be the angle of the banked curve to the horizontal? (1 mark)

Question 25 (5 marks)

A 28.0-kg spherical mass is attached to a 67.0-m wire of negligible mass. The spherical mass is pulled back until
it makes an angle of 60.0° with the vertical, as illustrated in the figure below.

60°

The spherical mass is then released with no initial speed. Assume that air resistance is negligible.

a. Explain what happens to the gravitational potential energy and the kinetic energy of the pendulum as it swings
back and forth. (2 marks)

b. Determine the maximum speed of the spherical mass. Explain your answer. (2 marks)

c. Determine the maximum tension in the wire. (1 mark)
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UNIT 3 | AREA OF STUDY 1

PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — ANALYSIS AND EVALUATION OF PRIMARY AND/OR
SECONDARY DATA, INCLUDING DATA PLOTTING, IDENTIFIED ASSUMPTIONS OR DATA
LIMITATIONS, AND CONCLUSIONS

In this task, you will be required to evaluate the data related to a test collision between two cars and
evaluate the collision from the perspectives of both momentum and energy.

• This practice SAC requires you to respond to the provided stimulus material and analyse data.
• You may use the VCAA Physics formula sheet and a scientific calculator for this task.

Total time: 55 minutes (5 minutes reading, 50 minutes writing)

Total marks: 36 marks

INVESTIGATING COLLISIONS BETWEEN CARS

At a vehicle testing facility, collisions between cars are used to determine safety measures for passengers. In one
test, car A, of mass 1400 kg, collides with stationary car B, of mass 800 kg.

Car A Car B

In the following table, the velocities of the two cars A and B are given for each 2.0-millisecond interval during
which the collision is occurring. The table is incomplete.

Time (ms) Velocity of car A (m s–1) Velocity of car B (m s–1)

0.0 14.0 0

2.0 13.0 1.4

4.0 12.0 2.8

6.0

8.0

10.0

12.0 8.0 8.4

14.0 7.0 9.8

16.0 7.0 9.8

You must answer all questions in both part A and part B.

PART A: Analysing the collision from the perspective of momentum

1. Calculate the initial momentum for car A and the initial momentum for car B and hence the total momentum
of the two cars before the collision.

2. Assuming the acceleration of both cars A and B is uniform, complete the missing entries for velocity in the
table.
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3. Graph the velocities (using a line graph) of both car A and car B versus time on the one set of axes. Label
the axes and each graph clearly, using a well-chosen scale for your graph.

4. Use your graph to estimate the time when the cars are travelling at the same speed.
5. Calculate the final momentum for car A and the final momentum for car B and hence the total momentum of

the two cars after the collision.
6. Does it appear that the collision between the two cars is an isolated one? Is it likely that the road surface

exerted a force on both cars during the collision? Give an explanation to support your choice.
7. Use your graph to calculate the average acceleration of each of the cars during the collision.
8. Determine the average force acting on car A and the average force acting on car B during the collision. Are

the two forces the same or different in value? Explain your answer in relation to Newton’s Third Law.
9. Calculate the distance travelled by car B during the collision.

PART B: Analysing the collision from the perspective of energy

10. Calculate the initial kinetic energy for each of car A and car B and hence the total kinetic energy of the two
cars before the collision.

11. Calculate the final kinetic energy for each of car A and car B and hence the total kinetic energy of the two
cars after the collision.

12. Is the collision an elastic collision? Explain your choice using your results for questions 10 and 11.
13. Calculate the amount of energy that has been transformed from the initial kinetic energy of car A into other

forms. State the likeliest form that most of the kinetic energy has transformed into.

Resources

Digital document School-assessed coursework (doc-39421)
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AREA OF STUDY 2 HOW DO THINGS MOVE WITHOUT CONTACT?

3 Gravitational fields and
their applications

KEY KNOWLEDGE

In this topic, you will:
• describe gravitation using a field model
• investigate theoretically and practically gravitational fields, including directions and shapes of
fields, attractive and repulsive effects, and the existence of dipoles and monopoles

• investigate theoretically and practically gravitational fields about a point mass or charge
(positive or negative) with reference to:
• the direction of the field
• the shape of the field
• the use of the inverse square law to determine the magnitude of the field
• potential energy changes (qualitative) associated with a point mass moving in the field

• identify fields as static or changing, and as uniform or non-uniform
• analyse the use of gravitational fields to accelerate mass, including:

• gravitational field and gravitational force concepts: g=G
M

r2
and Fg=G

m1m2

r2

• potential energy changes in a uniform gravitational field: Eg=mg∆h
• analyse the change in gravitational potential energy from area under a force vs distance
graph and area under a field vs distance graph multiplied by mass

• apply the concepts of force due to gravity and normal force including in relation to satellites
in orbit where the orbits are assumed to be uniform and circular

• model satellite motion (artificial, Moon, planet) as uniform circular orbital motion:

a= v2

r
= 4𝜋2r

T2
• describe the interaction of two fields, allowing that masses only attract each other.

Source: Adapted from VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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

FIGURE 3.1 Understanding gravitational forces
has allowed humans to put satellites in orbit
around Earth.

Our lives are profoundly affected by gravity. Our muscles
are constantly working against the gravitational pull on our
bodies towards the centre of Earth. Our heart has to pump
our blood so that it can circulate around our body. When
we throw a ball, the pull on the ball by Earth dictates the
path of the ball. Upon observing the night sky, we see the
Moon, which orbits Earth every 29 days. The gravitational
pull on the Moon towards the centre of Earth causes the
Moon to orbit Earth. Gravitational attractions between
masses explain the motion of the whole solar system.
The existence of an attractive force between masses was a
revolutionary idea articulated by Isaac Newton in his Law
of Universal Gravitation. In this topic we also introduce the
concept of a gravitational field. Imagine a map showing the
strength and direction of the attractive force on a 1-kg mass at all points in space. A gravitational field is such
a map. Knowledge of the gravitational field allows calculation of the energy changes experienced by objects
moving through space, enabling humans to successfully launch rockets and send probes to other planets.
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3.2 Newton’s Universal Law of Gravitation and the
inverse square law

KEY KNOWLEDGE

• Investigate theoretically and practically gravitational forces between point masses with reference to:
• the direction of the force
• the use of the inverse square law to determine the magnitude of the force

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

3.2.1 Mass and gravitation
Nearly three hundred and fifty years ago, Isaac Newton was trying to explain the motion of the planets and the
Moon. He had already established his three laws of motion. Newton realised if all masses are attracted to each
other, there is an attractive force that can explain the motion of Earth around the Sun, the motion of the Moon
around Earth and even the motion of a dropped ball.

Newton’s Law of Universal Gravitation says that all masses attract each other and that the strength of the
gravitational force of attraction between any two masses is proportional to the magnitude of each of the masses.

3.2.2 The inverse square law
inverse square law relationship
in which one variable is
proportional to the reciprocal
of the square of another variable

The force due to gravity between two masses gets weaker as the distance between
them increases. It is inversely proportional to the square of the distance between
the centres of the two masses. This is an inverse square law.

EXTENSION: Standing on the shoulders of giants

Newton was preceded by the brilliant Johannes Kepler (1571–1630). Kepler’s study of astronomical data obtained
by his teacher and master, the remarkable Danish astronomer Tycho Brahe, led him to discover Kepler’s first law,
namely that planets move in elliptical orbits with the Sun at one focus. Newton’s laws of motion show that an
object moving in a circle, or an ellipse, experiences an overall force directed towards the focus, a force whose
magnitude is inversely proportional to the square of the radius from the focus. Newton’s genius was to realise
that the force came from the attraction between the masses of the planets and the mass of the Sun, a force
which he called gravitation.

The inverse square law explained

Imagine Earth as a perfect sphere. A ball placed on the surface of Earth is approximately 6400 km from Earth’s
centre (RE is the radius of Earth) and is attracted to Earth by all of Earth’s mass. The ball could be placed at any
point on the surface and experience the same size of attraction towards Earth’s centre.

At Earth’s surface, the attraction towards the Earth’s mass is spread over a surface area of 4𝜋R2
E. Imagine

now that the ball is moved to a position RE above Earth’s surface, 2RE from Earth’s centre. The amount of
mass attracting the ball has not changed; however, the area that the attractiveness is spread over is now
4𝜋(2RE)

2=16𝜋R2
E. As a result, the attractive force on a ball placed a distance of 2RE from the centre is four

times weaker than the force experienced at a distance of RE from the centre. At a distance of 3RE from Earth’s
centre, the attractiveness is spread over an area of 4𝜋(3RE)

2=36𝜋R2
E, so the force on ball is nine times weaker

than the force experienced at a distance of RE from Earth’s centre.
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The attraction is not affected by the radius of either mass, so the masses can be modelled by point particles
located at the centre of each mass.

FIGURE 3.2 The inverse square law illustrated. As the distance from a mass increases, the attraction is
spread over an increasingly large area. The strength of attraction to the mass is inversely proportional to
the square of the distance from the centre of the mass.
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Putting it all together, Newton’s Law of Universal Gravitation states that the magnitude of the force on a point
mass, m1, by another point mass, m2, where the centres of the masses are separated by a distance r is given by:

Fg=G
m1m2

r2

where: Fg is the gravitational force on m1 by m2, in N

G is the gravitational constant (6.67 × 10−11 N kg−2 m2)

m1 is the mass of object 1, in kg

m2 is the mass of object 2, in kg

r is the distance between the masses, in m

Note that the direction of the attractive force experienced by m1 points towards m2, along an imaginary line
connecting the centres of the two masses.

The value of G is very small, and over short distances, gravitational forces are generally weaker than electrical
and magnetic forces.

EXTENSION: Measuring the gravitational constant

The value of G could not be determined at the time of Newton because the mass of Earth was not known.
Another 130 years passed before Henry Cavendish was able to measure the gravitational attraction between
two known masses and calculate the value of G.
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SAMPLE PROBLEM 1 Calculating the force due to gravity between two objects
tlvd-8968

Calculate the force due to gravity of the following:
a. Earth (with a mass of 5.97 × 1024 kg) on a 70-kg person standing on the equator
b. a 70-kg person standing on Earth’s equator

THINK WRITE

a. Recall the formula for Newton’s Law of
Universal Gravitation.
The distance r is the separation of the
centres of the two masses.

a. Assume that the direction towards Earth is positive.

Fon person by Earth = G
mEarthmperson

r2= 6.67× 10−11 × 5.97× 1024 × 70
(

6.37× 106
)2= 6.9× 102 N to two significant figures

The force due to gravity of Earth on a 70-kg person
standing on the equator is 6.9× 102 N towards the
centre of Earth.

b. Remember Newton’s Third Law: The force
on A by B is equal in magnitude and
opposite in direction to the force on
B by A.

b. Fon Earth by the person = −Fon person by Earth= − 6.9× 102 N
The negative value means that the direction of the
force is in the opposite direction to the force on the
person by Earth.
The force due to gravity of a 70-kg person standing
on Earth’s equator is 6.9× 102 N towards the person.

PRACTICE PROBLEM 1

Use the following data to calculate the force due to gravity by Earth on the Moon and the force due to
gravity by the Moon on Earth:

mass of Earth = 5.97 × 1024 kg

mass of Moon = 7.35 × 1022 kg

distance between Earth and the Moon = 3.84 × 108 m.
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3.2 Quick quiz 3.2 Exercise 3.2 Exam questions

3.2 Exercise

1. The gravitational force experienced by an object is known as the force due to gravity. Using the data in the
table below, calculate the magnitude of the force due to gravity Fg experienced by a 70.0-kg person at the
surface of Mars and at the surface of Jupiter.
Give your answers to 3 significant figures.

Planet Mass(kg) Radius (m)

Mars 6.39×1023 3.39×106
Jupiter 1.90×1027 6.69×107

(

G=6.67×10–11 Nm2 kg–2
)

2. Using the data below, calculate the magnitude of the force of attraction between Earth and the Sun.
Give your answer to 3 significant figures.

MassEarth=5.97×1024 kg
MassSun=1.99×1030 kg

DistanceEarth−Sun=1.49×1011m
(

G=6.67×10–11 Nm2 kg–2
)

3. If Earth expanded so that its radius is multiplied by 3, without any change in its mass, determine what would
happen to the magnitude of the force due to gravity on an individual on the surface of Earth and thus copy
and complete the following sentence.
The magnitude of the force due to gravity would be ___ of the initial force.

4. Using the data below, calculate the ratio of the magnitude of the gravitational force on a ball at the surface of
Mercury to the magnitude of the gravitational force on the same ball at the surface of Earth. Give your answer
to 3 significant figures.

Planet Mass (kg) Radius (m)

Mercury 3.29×1023 2.44×106
Earth 5.97×1024 6.37×106

5. A 100-kg satellite S1 orbits Earth at a distance of one Earth radius (rE) above Earth’s surface.
A 200-kg satellite S2 orbits Earth at a distance of two Earth radii above Earth’s surface.
a. Calculate the ratio of the magnitude of the gravitational force experienced by satellite S1 to S2.
b. How far above Earth should S2 orbit so that the magnitude of the gravitational force experienced by satellite

S1 is two times larger than that experienced by S2? Give your answer in terms of Earth radii (rE) above
Earth’s radius.

6. Using the data below, determine how many Earth radii (rE) from the centre of Earth an object must be
positioned for the magnitude of the gravitational force by Earth on the object to equal the magnitude of the
gravitational force that would be exerted by the Moon on the same object if the object was on the Moon’s
surface. Give your answer to 3 significant figures.

Celestial object Mass (kg) Radius (m)

The Moon 7.35×1022 1.74×106
Earth 5.97×1024 6.37×106
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3.2 Exam questions

Question 1 (1 mark)
Source: VCE 2017 Physics Sample Exam, Section A, Q.3; © VCAA

MC Students measure the gravitational force between two masses of 1.0 kg and 100 kg, placed 10 cm apart.
The universal gravitational constant, G, is 6.67×10–11 Nm2 kg–2. Which one of the following best gives the
gravitational force of attraction between the two masses?

A. 1.0×10–3 N
B. 6.7×10–5 N
C. 6.7×10–7 N
D. 1.0×106 N

Question 2 (1 mark)

MC An astronaut arriving on the Moon feels lighter than on Earth. Which of the following gives the correct reason
for this?
A. The gravitational field strength of the Moon is smaller than that of Earth; therefore, the force experienced by

the astronaut is less than on Earth.
B. The astronaut is a long way from Earth, so the force due to gravity is smaller.
C. The diameter of the Moon is smaller than the diameter of Earth, so the gravitational field strength is smaller.
D. The gravitational field strength of the Moon is smaller than that of Earth; therefore, the masses are smaller on

the Moon.

Question 3 (1 mark)

MC Mass A and Mass B are placed in a gravitational field, at exactly the same distance from a central body.
Mass A is 1000 times larger than Mass B. There are no other forces acting on the masses. Which of the following
is correct?
A. The force on mass A is the same as the force on mass B.
B. The acceleration of mass A is 1000 times larger than the acceleration of mass B.
C. The gravitational field experienced by mass A is 1000 times larger than the gravitational field strength

experienced by mass B.
D. The acceleration of mass A is the same as the acceleration of mass B.

Question 4 (2 marks)

A 300-kg terrestrial satellite has a circular orbit 10 000 km above the surface of Earth.

Using the information below, calculate the magnitude of the gravitational force experienced by the satellite. Give
your answer to 3 significant figures.

G = 6.67×10−11 Nm2 kg−2
mE = 5.97×1024 kg
rE = 6.37×106m
Question 5 (2 marks)

Using the information below, calculate the magnitude of the gravitational force of Earth on a 50-g hailstone
formed at an altitude of 6000m. Give your answer to 3 significant figures.

G = 6.67×10−11 Nm2 kg−2
mE = 5.97×1024 kg
rE = 6.37×106m

More exam questions are available in your learnON title.
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3.3 The field model

KEY KNOWLEDGE

• Describe gravitation using a field model
• Investigate theoretically and practically gravitational fields about a point mass with reference to:

• the direction of the field
• the shape of the field
• the use of the inverse square law to determine the magnitude of the field

• Describe the interaction of two fields, allowing that masses only attract each other

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

3.3.1 The field model

gravitational field vector field
describing the property of space
that causes an object with mass to
experience a force in a particular
direction

Imagine a probe travelling through our solar system. At any point, the probe is
attracted towards the Sun, planets and even asteroids, each of which is much more
massive than the probe. The combined attraction by the Sun, planets and other
massive bodies can be described as a gravitational field.

The gravitational field, g, is defined as the gravitational force experienced by the probe,
Fg, divided by the mass of the probe, m. The force, field and probe mass are related by the equation:

Fg=mg

where: Fg is the force on an object due to gravity, its magnitude is expressed in N

m is the mass of the object, in kg

g is the gravitational field, and its magnitude, the gravitational field strength,
is in N kg–1 (or m s–2)

Note that for a body on Earth, the gravitational force Fg is also denoted as Fon body by Earth.

A field is defined as a physical quantity that has a value at each point in space. There are different types of
fields. The gravitational field is a vector field as it also has a direction at every point in space. A field is often
represented by a diagram.

In a gravitational field diagram:
• arrows show the direction of force that a mass at that point would experience
• the spacing of the lines indicates field strength: more closely spaced lines indicate a stronger field
• field lines never touch or intersect, because the force on an object cannot have multiple magnitudes or

directions at the same time.

In a diagram of Earth’s gravitational field (see figure 3.3) the arrows point towards Earth, indicating that any
mass placed in Earth’s gravitational field will experience a force towards Earth. The field lines become further
apart as the distance from Earth increases, showing that the field is weakening and is non-uniform (in a uniform
field, the value of the field strength remains the same at all points). In addition, Earth’s gravitational field does
not change with time, it is static.
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FIGURE 3.3 Diagram of Earth’s gravitational field

Lines of equal field strength

3.3.2 The gravitational field from a point mass
We have seen that the gravitational force on a mass m due to the attraction to a point massM is given by

Fg=G
Mm

r2
towards the point mass M. This means that, as Fg=mg near Earth’s surface, the gravitational field

strength, g, of the point massM is simply g=G
M

r2
.

g=G
M

r2

where: g is the gravitational field strength, in N kg−1

G is the gravitational constant (6.67 × 10−11 N m2 kg−2)

M is the mass of the point source, in kg

r is the distance to the point source, in m

The direction of the gravitational field is radially inwards, towards the point massM. This can be used as a
model for the gravitational field from objects such as Earth, the Moon, other planets and the Sun. The larger the
mass source, the greater the magnitude of the gravitational field.
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Graphing the gravitational field
Graphing the gravitational field shows clearly that the field strength is inversely proportional to the square of
the distance from the mass. As the distance increases, the gravitational field decreases. The gravitational field is
non-uniform.

FIGURE 3.4 Graph of Earth’s gravitational field strength versus distance from the centre of Earth
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SAMPLE PROBLEM 2 Calculating gravitational field strength
tlvd-8969

Calculate the gravitational field strength of the Moon at the surface of the Moon if its mass is
7.35 × 1022 kg and its radius is 1.74 × 106 m.

THINK WRITE

Recall the formula g=G
M

r2
, where:

G= 6.67× 10−11Nm2 kg−2

M= 7.35× 1022 kg and
r= 1.74× 106 m

g = G
M

r2= 6.67× 10−11 × 7.35× 1022
(

1.74× 106
)2= 1.62N kg−1

PRACTICE PROBLEM 2

Calculate the gravitational field strength of the Sun at the centre of Earth, given the following:

MSun = 1.99 × 1030 kg

distance from the centre of Earth to the centre of the Sun = 1.50 × 1011 m.
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EXTENSION: The gravitational field inside Earth

What does the gravitational field look like inside Earth? Newton showed that the gravitational field inside a hollow
spherical shell is in fact zero. This means that, closer to the centre of Earth, only the mass inside that radius
contributes to the gravitational field at that point. The overall effect is that the gravitational field decreases linearly
from the outside of Earth towards the centre.

FIGURE 3.5 Graph of Earth’s gravitational field strength, including the strength inside Earth
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3.3.3 The gravitational field close to the surface of Earth
You have just learned that the gravitational field of Earth decreases as the square of the distance from the centre
of Earth. The strength of the gravitational field at Earth’s surface can be estimated using the values for the mass
and radius of Earth, M= 5.97× 1024 kg; RE= 6.38× 106 m:

g = 6.67× 10−11 × 5.97× 1024

(6.38× 106)
2= 9.80NKg−1

However, Earth is huge compared to the scale of ordinary human actions. For a distance of 1000 m from the
surface of Earth, the gravitational field has decreased by a mere 0.03%, from 9.805 N kg–1 to 9.802 N kg–1. The
gravitational field strength experienced by a ball dropping from an initial height of a couple of metres above the
surface of Earth is effectively constant or uniform with strength 9.8 N kg–1 vertically downwards towards the
surface of Earth. A field that has the same magnitude and same direction everywhere in a given space is called a
uniform field.
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FIGURE 3.6 Zooming in on the gravitational field very close to the surface of Earth, from a human perspective, the
gravitational field appears to be constant and uniform. A mass placed at any point in this field would experience
the same magnitude and direction of force: F = mg.

Lines of equal field strength

g

3.3.4 Gravitational fields from two masses
When a rocket travels from Earth to the Moon, we need to take into account both the gravitational attraction to
Earth and to the Moon. The gravitational field, g, experienced by the rocket is the vector sum of the field from
Earth and the field from the Moon.

g= gEarth+ gMoon

Because the two fields are in opposite directions, to find the magnitude of the total field we subtract one
field from the other. Taking the positive direction towards the Moon, as illustrated in figure 3.7, the magnitude
of the gravitational field experienced by the rocket is given by:

g =−G MEarth

r2rocket − earth

+G
MMoon

r2rocket −Moon

Initially, the overall field is towards Earth. As the rocket approaches the Moon, the size of Earth’s field decreases
and the size of the Moon’s field increases, so the overall field will become smaller. The rocket will pass through
a point where the field is zero. From there, the overall field will be towards the Moon and its size increases as the
rocket approaches the Moon’s surface.
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FIGURE 3.7 A rocket travelling from Earth to the Moon experiences the gravitational pull from both Earth and
the Moon.

Positive direction

Moon

Earth

rrocket-Earth rrocket-Moon

grocket-Earth grocket-Moon

SAMPLE PROBLEM 3 Calculating the magnitude of the gravitational field on a rocket
halfway between Earth and the Moontlvd-8970

A rocket travels in a straight line from Earth to the Moon. What is the magnitude and direction of the
gravitational field experienced by the rocket at the halfway point?
Use the following information:
Earth’s mass isMEarth = 5.97× 1024 kg
The Moon’s mass isMMoon = 7.35× 1022 kg
and the distance between Earth and the Moon is 384 400 km.

THINK WRITE

• Earth and the Moon can be modelled as
point masses.

• The gravitational field from a point mass is
directed towards the centre of the mass.

• This means the gravitational field from
Earth and the Moon act in opposite
directions on the rocket.

• At the halfway point, the distance to centre
of Earth and the distance to the centre of the
Moon is r= 1.922× 108 m.

• Take towards the Moon as the positive
direction.

g=−GMEarth

r2
+G

MMoon

r2= − 6.67× 10−11 5.97× 1024
(

1.922× 108
)2

+ 6.67× 10−11 7.35× 1022
(

1.922× 108
)2

=− 1.06× 102 N kg−1 to three significant
figures

• The negative value for g means that at the
point halfway between Earth and the Moon,
the direction of the overall gravitational field
is towards Earth.

PRACTICE PROBLEM 3

Consider the situation where Mercury is directly on a line between the Sun and Venus. How much
does Venus’s gravitational field affect the gravitational field experienced by Mercury?

Use the following information:
• The Sun’s mass isMSun= 1.99 × 1030 kg
• Venus’s mass isMVenus = 4.87 × 1024 kg
• The distance Mercury–Sun is rSun–Mercury = 5.79 × 1010 m
• The distance Mercury–Venus is rVenus–Mercury = 5.01 × 1010 m
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3.3 Quick quiz 3.3 Exercise 3.3 Exam questions

3.3 Exercise

1. a. Calculate the gravitational field strength on a 1.50-kg ball held at a height of 2.00metres above the surface
of Earth (the radius of Earth is rE=6.37×106m; its mass is mE=5.97×1024 kg).
Give your answer to 3 significant figures.
(

G=6.67×10−11 Nm2 kg−2)
b. The ball is dropped. Calculate the magnitude of the net force on the 1.50-kg ball as it falls to the surface of

Earth. Give your answer to 3 significant figures
2. Answer the following.

a. Compare the magnitude of the force on an object that is positioned one Earth radius above the surface of
Earth to the magnitude of the force on the same object if it was positioned two Earth radii above the surface
of Earth.

b. Copy and complete the diagram below to sketch the gravitational field of Earth: draw a few vectors, every
30° for instance, indicating the force on an object that is positioned one Earth radius above the surface of
Earth, and a few vectors indicating the force on the same object if it was positioned two Earth radii above
the surface of Earth.

Earth

2rE

rE

c. Is the gravitational field uniform or non-uniform? Explain how this is indicated in your sketch.
3. Using the data provided in the table below, and G=6.67×10−11 Nm2 kg−2, calculate the gravitational field

strength at the surface of Earth, Mars, Venus and Pluto. Give your answers to 3 significant figures.

Planet/dwarf planet Mass (kg) Radius (m)

Earth 5.97×1024 6.37×106
Mars 6.39×1023 3.39×106
Venus 4.87×1024 6.05×106
Pluto 1.31×1022 1.19×106
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4. Explain why the gravitational field lines for an isolated mass always point radially inwards towards the centre
of the mass.

5. Answer the following.
a. Using the data provided below, calculate the gravitational field strength at the distances d of 10 000 km,

20 000 km and 30000 km from the centre of Earth.
Give your answers to 3 significant figures.

G=6.67×10−11 Nm2 kg−2
Earth’s mass: mE=5.97×1024 kg

b. Calculate the following ratios of the field strengths at 10 000 km, 20 000 km and 30000 km from the centre
of Earth.
i. Field strength at 20 000 km ∶Field strength at 10 000 km
ii. Field strength at 30 000 km ∶Field strength at 10 000 km
iii. Field strength at 30 000 km ∶Field strength at 20 000 km

c. Compare the ratios and explain the pattern you observe.
6. A gravitational field strength detector is released into Earth’s atmosphere and reports back a reading of

9.73N kg−1.
a. If the detector has a mass of 10.0 kg, calculate the magnitude of the force of gravity acting on it.
b. If the detector is to remain stationary at this height, what is the magnitude of the upward force that must be

exerted on the detector?
c. Use the information below to calculate how far the detector is from the centre of Earth. Give your answer to

3 significant figures.

G=6.67×10−11 Nm2 kg−2
Earth’s mass: mE=5.97×1024 kg

7. Answer the following.
a. Use the information below to calculate gS, the gravitational field strength experienced by the Moon from the

Sun, and gE, the gravitational field strength experienced by the Moon from Earth. Give your answers to 3
significant figures.

G=6.67×10−11 Nm2 kg−2
Earth’s mass: mE=5.97×1024 kg
Sun’s mass: mS=1.989×1030 kg
Average distance Earth–Moon (centre to centre): rE-M=3.84×105 km
Average distance Sun–Moon (centre to centre): rS-M=1.50×108 km

b. Compare the gravitational field strength experienced by the Moon from the Sun with that from Earth and
discuss whether this result is surprising. Comment on its significance in regard to the motion of the Moon.

8. A spacecraft leaves Earth to travel to the Moon.
a. Use the following data to determine how far from the centre of the Earth the spacecraft is when it

experiences a net force of zero. Give your answer 3 significant figures.
Earth’s mass: mE=5.97×1024 kg
Moon’s mass: mM=7.35×1022 kg
Average distance Earth-Moon (centre to centre): rE-M=3.84×105 km

b. Copy and complete the diagram below to show the location (to scale) of the spacecraft when the net force
it experiences is zero.

3.84 × 108m

Earth Moon
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9. Meredith and Julian are interested in determining whether the alignment of the Sun and the Moon on the same
side of Earth, or on opposite side of Earth, has a noticeable effect on the gravitational field strength on
opposite points on Earth’s surface.
They gathered the information below.

G=6.6743×10−11 Nm2 kg−2
Earth’s radius: rE=6.3781×106m
Moon’s mass: mM=7.3460×1022 kg
Sun’s mass: mS=1.98847×1030 kg
Average distance Earth–Moon (centre to centre): rE-M=3.84400×105 km
Average distance Sun–Earth (centre to centre): rS-M=1.4742×108 km
They consider the following two scenarios (not drawn to scale):

(a) (b)

Meredith makes the hypothesis that the gravitational field would be significantly greater at the red dot location
in scenario (b) than in scenario (a) while Julian makes the hypothesis that the gravitational field would be
approximately the same at both dot locations in both scenario (a) and scenario (b).
a. Using the information gathered by Meredith, calculate the combined gravitational field strength gc from the

Sun and the Moon at the point on the surface of the Earth indicated by the red and orange dots for both
scenarios illustrated on the figure and complete the table below.
Give your answer to 5 significant figures and take towards the centre of the Sun to be the positive direction.

Scenario dot gc (N kg−1)
(a) red

(a) orange

(b) red

(b) orange

b. Using your results to part a, evaluate the two students’ hypotheses.

3.3 Exam questions

Question 1 (1 mark)

MC The planet Jupiter has a mass approximately
1

1000
that of the Sun and its radius is approximately

1

10
that of

the Sun.

If gJ is the acceleration due to gravity at the surface of Jupiter, and gS is the acceleration due to gravity at the

surface of the Sun, which of the following gives the best approximation for the ratio
gJ

gS
?

1

10
A.

1

100
B. 10C.

1

1000
D.
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Question 2 (2 marks)

The gravitational field strength on Jupiter’s second largest moon, Europa, is 1.31N kg–1. Its radius is 1.56×106m.
Calculate its mass. Give your answer to 3 significant figures.
(

G=6.67×10−11 Nm2 kg−2)
Question 3 (2 marks)

The asteroid Icarus has a mass of 1012 kg and a radius of 1400m. Calculate the gravitational field strength on its
surface. Give your answer to 3 significant figures.
(

G=6.67×10−11 Nm2 kg−2)
Question 4 (2 marks)

A new planet has been discovered that has exactly the same mass as Earth, but a radius half that of Earth. What
would be the gravitational field strength on the surface of this new planet? Assume that the gravitational field
strength on the surface of Earth can be taken as g=9.8Nkg−1.

Question 5 (2 marks)

The force due to gravity on a space capsule before launch has a magnitude of 110 000N. The capsule reaches an
altitude 3 times the radius of Earth. Calculate magnitude of the force due to gravity on it at this altitude.

More exam questions are available in your learnON title.

3.4 Motion in gravitational fields, from projectiles to
satellites in space

KEY KNOWLEDGE

• Apply the concepts of force due to gravity and normal force including in relation to satellites in orbit where
the orbits are assumed to be uniform and circular

• Analyse the use of gravitational fields to accelerate mass, including:

• gravitational field and gravitational force concepts: g=G
M

r2
and Fg=G

m1m2

r2

• Model satellite motion (artificial, Moon, planet) as uniform circular orbital motion: a= v2

r
= 4𝜋2r

T2

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

How do apples, satellites and planets move in gravitational fields?

When the gravitational force, Fg, is the only force acting on a mass, the mass is in ‘free fall’. Applying Newton’s
Second Law, Fnet=mg=ma, it is clear that in free fall, the acceleration a, experienced by the mass, is equal to
the gravitational field g at that point in space.

You will now look at what this means for masses close to the surface of the Earth and what it means for those
further away.
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3.4.1 Motion close to Earth’s surface
FIGURE 3.8 Position of an object in free fall
in Earth’s gravitational field, a. with no initial
velocity and b. with an initial velocity

a. b.

Close to Earth’s surface the gravitational field is constant
with a value of 9.8 N kg–1 (see calculation in section 3.3.3).
Things that fall with little air resistance experience an
acceleration of 9.8 m s–2, increasing their vertical velocity
by 9.8 m s–1 every second.

Using the familiar constant acceleration equations, you can
find how high a ball will go when launched with a particular
velocity, or how long it will take for an object dropped from
a height to hit the ground.

SAMPLE PROBLEM 4 Determining the height of an object thrown close to Earth’s surface
tlvd-8971

A ball is thrown vertically into the air with a speed of 20.0 m s−1. How high does it go? (Ignore air
resistance.)

THINK WRITE

After leaving the hand of the person throwing
the ball, the only force on the ball is the
gravitational attraction of the ball to Earth:

Fg=mg
This means that the net force,
Fnat=ma=mg and the acceleration of the
ball is simply g = 9.8 m s−2 downwards. This
is motion under constant acceleration in a
straight line, so the equation v2=u2+ 2as
can be used to determine the maximum height
reached by the ball.

s= v2−u2

2a

Take upwards as the positive direction.
a = g = −9.8, u = 20.0 m s−1, v = 0 m s−1

v2 = u2+ 2 as

02 = 202+ (2×−9.8× s)
02− 202 = 2×−9.8× s

s = 02− 202

2×−9.8= 20 m
The maximum height reached by the ball
is 20 m.

PRACTICE PROBLEM 4

A ball is dropped from a bridge. The initial speed of the ball is 0 m s−1. How fast is the ball travelling
after falling 20 metres?

INVESTIGATION 3.1
elog-1916

tlvd-10438

Using a pendulum to determine the strength of the gravitational field

AIM

To determine the rate of acceleration due to gravity using the motion of a pendulum
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3.4.2 Orbital motion

satellite an object that is orbiting
a larger central mass. Satellites
can be natural (such as the
Moon) or man-made (such as
the International Space Station)

centripetal acceleration the
acceleration towards the centre of
a circle experienced by an object
moving in a circular motion

Not all objects affected by Earth’s gravitational field fall to Earth’s surface. The
Moon and other artificial satellites such as the International Space Station circle
Earth at constant speeds.

Figure 3.9 shows how the constantly changing direction of the velocity of an
object moving in a circle is due to an acceleration towards the centre of the circle.
This kind of acceleration is called centripetal acceleration. When an object
moves along a circular path with a constant speed, the direction of the change
in the velocity always points along a line towards the centre of the circle, causing
the acceleration to point in the same direction.

Determining the orbital acceleration

In figure 3.9, it can be deduced from the similar triangles that:∆v
v

= v∆t
r⇒∆v = v2∆t
r

n

The acceleration of the object towards the centre of the circle (centripetal
acceleration) is:

a= ∆v∆t = v2∆t
r∆t = v2

r

The speed of the satellite, v, is constant and can be expressed in terms of
the radius, r, and period, T, of the orbit:

v= distance travelled
time taken

= 2𝜋r
T

FIGURE 3.9 The acceleration
of an object moving in a circle
at a constant speed always
points inwards towards the
centre of the circle.

r

A

B

v
v∆t

∆v

v

v

v

r

θ

θ

The magnitude of the centripetal acceleration of a satellite is given by:

a= v2

r
= 4𝜋2r

T2

where: v is the speed of the satellite, in m s–1

r is the radius of the circular orbit, in m

T is the period of orbit, in s

The magnitude of the net (centripetal) force on the satellite then becomes:

Fnet (orΣF)=ma= mv2

r

where: m is the mass of the satellite, in kg

v is the speed of the satellite, in m s–1

r is the radius of the circular orbit, in m
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Newton had already shown that objects moving in a circle with a constant speed experience a net force pointing
radially inwards towards the centre of the circle. His great achievement with the Law of Universal Gravitation
was to realise that the gravitational field from a large mass, such as that of Earth, could be the source of the
radially inward net force on a satellite, such as the Moon.

Newton equated the gravitational force on a satellite of mass m2 orbiting a central mass m1 with the net force on
a satellite experiencing circular motion.

Fg=G
m1m2

r2
= msv

2

r

where: r is the distance between the centres of the central mass and the satellite’s mass

m1 is the central mass, in kg

m2 (or ms) is the mass of the satellite, in kg

G is the gravitational constant, 6.67× 10−11 Nm2 kg−2

v is the speed of the satellite, in m s–1

Substituting v= 2𝜋r
T

into this equation, the following is obtained:

G
m1m2

r2
= 4ms𝜋2r

T2

To simplify this, m1, or the central mass can be shown as M, and the mass of the satellite m2 as ms. This allows
us to more easily rearrange the equation and show the relationship:

G
M

4𝜋2
= r3

T2

where: r is the distance between the centres of the two bodies (orbital radius), in m

M is the central mass, in kg

G is the gravitational constant, 6.67× 10−11 Nm2 kg−2

T is the orbital period, in s

This expression reveals the profound insight that the ratio of the cube of the radius of orbit of a satellite to
the square of the period of the orbit has a constant value and does not depend on the value of the mass of the
satellite. This had already been discovered by the exceptional astronomer Johannes Kepler in his work on
explaining the motion of the planets around the Sun and is known as Kepler’s Third Law.

SAMPLE PROBLEM 5 Calculating speed, mass and acceleration of satellites in orbit
tlvd-8972

The Moon orbits Earth with a period of 2.36 × 106 s. The distance from the centre of Earth to the
centre of the Moon is 3.84 × 108 m.
a. Calculate the speed of the Moon as it orbits Earth.
b. Calculate the acceleration experienced by the Moon.
c. Use the provided data to calculate the mass of Earth.
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THINK WRITE

a. Recall that, for an object moving in a circle

at a constant speed, v= 2𝜋r
T

.

a. v = 2𝜋× 3.84× 108

2.36× 106= 1020m s−1 (to 3 significant figures)

b. Recall that, for an object moving in a circle

at a constant speed, a= v2

r
= 4𝜋2r

T2
.

Ensure you use the non-rounded value if
using the velocity from part a.

b. a = 4𝜋2 × 3.84× 108
(

2.36× 106
)2= 0.002 72m s−2

or

a = 10202

3.84× 108= 0.002 72m s−2

c. Use the relationship G
M

4𝜋2
= r3

T2
to

determine the mass of Earth.

c. G
M

4𝜋2
= r3

T2

6.67× 10−11MEarth

4𝜋2
= (

3.84× 108
)3

(

2.36× 106
)2

⇒MEarth = 4𝜋2 × (

3.84× 108
)3

(

6.67× 10−11
)× (

2.36× 106
)2

= 6.02× 1024 kg

PRACTICE PROBLEM 5

Mars’s moon, Phobos, orbits Mars with a period of 2.76 × 104 s. The distance from the centre of Mars
to the centre of Phobos is 9.38 × 106 m.
a. What is the speed of Phobos as it orbits Mars?
b. What is the acceleration experienced by Phobos?
c. Use the provided data to calculate the mass of Mars.

EXTENSION: Period of the Moon

The orbit of the Moon is slightly elliptical, but the average radius of the Moon’s orbit is about 384 000 km or about
60 Earth radii.

orbital period the time it takes for
a satellite to complete one orbit
around a central object

The period of the Moon in relation to the stars is called the sidereal or orbital period and has been measured at
27.321 582 days (or approximately 2.36 × 106 seconds). As a close approximation, 27.3 days can be used. The
period of the Moon in relation to the Sun, that is the time between full moons, is 29.5 days; this is longer than the
sidereal period because during this time Earth has moved further around the Sun.
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TABLE 3.1 The solar system: some useful data

Mean radius of orbit Orbital period

(au) (m) (years) (seconds)
Equatorial
radius (m) Mass (kg)

Sun 6.96 × 108 1.99 × 1030

Mercury 0.387 5.79 × 1010 0.241 7.60 × 106 2.44 × 106 3.30 × 1023

Venus 0.723 1.08 × 1011 0.615 1.94 × 107 6.05 × 106 4.87 × 1024

Earth 1.00 1.50 × 1011 1.00 3.16 × 107 6.37 × 106 5.97 × 1024

Moon 2.57 × 10–3 3.84 × 108 27.3 days* 2.36 × 106* 1.74 × 106 7.35 × 1022

Mars 1.52 2.28 × 1011 1.88 5.94 × 107 3.39 × 106 6.42 × 1023

Jupiter 5.20 7.78 × 1011 11.9 3.74 × 108 6.99 × 107 1.90 × 1027

Saturn 9.58 1.43 × 1012 29.5 9.30 × 108 5.82 × 107 5.68 × 1026

Titan 8.20 × 10–3 1.22 × 109 15.9 days* 1.37 × 106* 2.57 × 106 1.35 × 1023

Uranus 19.2 2.87 × 1012 84.0 2.65 × 109 2.54 × 107 8.68 × 1025

Neptune 30.1 4.50 × 1012 165 5.21 × 109 2.46 × 107 1.02 × 1026

Pluto 39.48 5.91 × 1012 248 7.82 × 109 1.15 × 106 1.31 × 1022

*The orbital period for the Moon and Titan is the time it takes to complete one orbit around Earth and Saturn respectively. All other
listed measurements is the time to orbit the Sun.

SAMPLE PROBLEM 6 Confirming Kepler’s Third Law
tlvd-8973

Use the data in table 3.1 to calculate the value of
r3

T2
for Mercury, Venus and Mars, and therefore

confirm Kepler’s Third Law.

THINK WRITE

1. For Mercury, substitute the values
r= 5.79× 1010 m and T= 7.60× 106 s into

the expression
r3

T2
.

r3

T2
= (

5.79× 1010
)3

(

7.60× 106
)2= 3.36× 1018

2. For Venus, substitute the values
r= 1.08× 1011 m and T= 1.94× 107 s into

the expression
r3

T2
.

r3

T2
= (

1.08× 1011
)3

(

1.94× 107
)2= 3.35× 1018

3. For Mars, substitute the values
r= 2.28× 1011 m and T= 5.94× 107 s into

the expression
r3

T2
.

r3

T2
= (

2.28× 1011
)3

(

5.94× 107
)2= 3.36× 1018

4. Compare the values of
r3

T2
for the three

planets.

The values of
r3

T2
for the three planets are

approximately the same, confirming
Kepler’s Third Law.
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PRACTICE PROBLEM 6

Use the data in table 3.1 to calculate the value of
r3

T2
for Saturn, Uranus and Neptune, and therefore

confirm Kepler’s Third Law.

3.4.3 Method of ratios
Newton used his Law of Universal Gravitation to show that Kepler’s Third Law applies to all satellites going
around the same central mass.

In the context of Earth, this means that the ratio
r3

T2
is the same for every single artificial satellite, regardless of

the orientation of its orbit, as well as for the Moon itself. If the period and the radius of one satellite’s orbit is
known, the method of ratios can be used to calculate the characteristics of any other satellite:

r31
T2
1

= r32
T2
2

(

r1
r2

)3 = (

T1

T2

)2

where: r1 is the distance between the central mass and satellite 1

r2 is the distance between the central mass and satellite 2

T1 is the period of orbit of satellite 1

T2 is the period of orbit of satellite 2

The benefit of this method is that, because you are working with ratios, you don’t need to use metres and
seconds for your data. However, it is important that you are consistent. (If you are using metres for the distance
for one satellite, you must use metres for the other satellite.) Earth radii (1 Earth radius = 6.37 × 106 m) and days
can be used, making for simpler calculations.

SAMPLE PROBLEM 7 Determining the orbital radius using ratios
tlvd-8974

The communications satellite Intelsat has an orbital period of 24.54 hours and an orbital radius of
4.25 × 106 m. The International Space Station (ISS) has an orbital period of 92.75 minutes. Use the
method of ratios to find the orbital radius of the ISS.

THINK WRITE

1. Convert all time periods to the same unit. TISS = 92.75minutes= 5565 seconds
TIntelsat = 24.54 hours= 88 344 seconds

2. Apply Kepler’s Third Law:

r3ISS
T2
ISS

= r3Intelsat
T2
Intelsat

r3ISS
T2
ISS

= r3Intelat
T2
Innelat

r3ISS
55652

= (

4.25× 106
)3

88 3442

⇒ r3ISS = 55652 × (

4.25× 106
)3

88 3442= 3.046× 1017

rISS = 3
√

3.046× 1017= 6.73× 105 m
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PRACTICE PROBLEM 7

Mars has two moons, Phobos and Deimos. The orbital period of Phobos is 7.66 hours, whereas the
orbital period of Deimos is 36.75 hours. If the orbital radius of Phobos is 9.38 × 106 m, calculate the
orbital radius of Deimos using the method of ratios.

3.4.4 Artificial satellites
Artificial satellites are used for communication and exploration. Some transmit telephone and television
signals around the world, some photograph cloud patterns to help weather forecasters, some are fitted with
scientific equipment that enables them to collect data about X-ray sources in outer space, whereas others spy
on neighbours! The motion of an artificial satellite depends on what it is designed to do.

geostationary stationary relative to
a point directly below it on Earth’s
surface. A geostationary orbit has
the same period as the rotation of
Earth

Those satellites that are required to stay constantly above one place on Earth’s surface
are called geostationary satellites and they are said to be in geostationary orbit.
In order to stay in position, a geostationary satellite must have an orbital period
that is the same as the time for the central mass to complete one rotation about its
axis. Therefore, geostationary satellites have a period of 24 hours, or 1 day, with the
movement of the geostationary satellite corresponding to the rotation of Earth about its axis.

SAMPLE PROBLEM 8 Determining the altitude at which a geostationary satellite orbits
Earth

tlvd-8975

A geostationary satellite has a period of 24.0 hours. The mass of Earth is 5.97× 1024 kg. The radius of
Earth is 6.37 × 106 m. Determine the altitude at which the geostationary satellite orbits Earth.

THINK WRITE

1. Convert the orbital period of the
satellite to seconds.

T= 24.0 hours= 86 400 seconds

2. Apply Kepler’s Third Law:

G
M

4𝜋2
= r3

T2

G
MEarth

4𝜋2
= r3

T2

6.67× 10−11 × 5.97× 1024

4𝜋2
= r3

86 4002

⇒ r3 = 6.67× 10−11 × 5.97× 1024 × 86 4002

4𝜋2

⇒ r = 3

√

6.67× 10−11 × 5.97× 1024 × 86 4002

4𝜋2= 4.22× 107 m

3. The question asks for the altitude
of the satellite, which is the
height above the surface of Earth.
Subtract the radius of Earth from
the radius of the satellite’s orbit to
determine the altitude.

altitude = radius of orbit− radius of Earth= 4.22× 107− 6.37× 106= 3.58× 107 m

PRACTICE PROBLEM 8

A satellite is placed into a geostationary orbit above Mars. A day on Mars lasts for 24 hours and
37 minutes. The mass of Mars is 6.42 × 1023 kg and the radius is 3.39 × 106 m. Calculate the altitude
of the satellite.
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3.4.5 ‘Floating’ in a spacecraft

FIGURE 3.10 An astronaut inside the
International Space Station. Both the
astronaut and the station are in orbit around
Earth.

The appearance of an astronaut floating around inside a
spacecraft suggests that there is no force acting on them,
leading some people to mistakenly think that there is no
gravity in space. In fact, both the astronaut and the spacecraft
are in a circular orbit about Earth.

However, you also know that if an object is moving in a
curved path, therefore changing its direction, there must
be acceleration. If the path is circular, the acceleration is
directed towards the centre of that path. The astronaut and
the spacecraft are in the same gravitational field. They are
at the same distance from the centre of Earth. They are
travelling at the same speed, taking the same time to orbit
Earth. Therefore, their centripetal accelerations provided by
the gravitational field are the same.

TABLE 3.2 Comparing the gravitational fields experienced by an astronaut and spacecraft

For the spacecraft: For the astronaut:

G
MEarthMspacecraft

r2
=Mspacecraft × 4𝜋2r

T2

G
MEarth

r2
= 4𝜋2r

T2

G
MEarth mastronaut

r2
=mastronaut × 4𝜋2r

T2

G
MEarth

r2
= 4𝜋2r

T2

FIGURE 3.11 The cloth-covered stretched
springs are pulling the astronaut down so
he can exercise on the treadmill.

There is no need for a normal force by the spacecraft on the
astronaut to explain the astronaut’s motion. The astronaut
inside the spacecraft circles Earth as if the spacecraft was not
there. Indeed, if the astronaut is outside the spacecraft doing a
spacewalk, the astronaut’s speed and acceleration around Earth
will be unchanged as they ‘float’ beside the spacecraft. Once
back inside, their speed and acceleration are still unchanged, and
this time they are ‘floating’ inside the spacecraft.

If the astronaut steps onto a set of bathroom scales, they will
give a reading of zero. As shown in figure 3.11, an astronaut
running on a treadmill needs stretched springs attached to his
waist to pull him down to the treadmill.
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SAMPLE PROBLEM 9 Explaining the reading on scales in a spacecraft
tlvd-8976

An astronaut on the International Space Station stands on a set of bathroom scales. Explain what the
expected reading would be.

THINK WRITE

The only force acting on the astronaut is the
gravitational force from Earth.

The only force acting on the bathroom scales
is the gravitational force from Earth.

The net force on the astronaut is equal to the force due to
gravity on the astronaut, because the astronaut is in circular
motion around Earth with acceleration g. The bathroom scales
are also in circular motion around Earth with acceleration g.
This means that the normal force experienced by the astronaut
from the bathroom scales is 0 N.

PRACTICE PROBLEM 9

In an attempt to increase the reading on the bathroom scales, the astronaut on the International Space
Station holds a 10-kg mass. What difference will this make to the reading on the bathroom scales?

Resources

Interactivity How the speed and period changes with the radius of a satellite’s orbit (int-0062)

Digital document Kepler’s Laws (doc-39320)

3.4 Activities
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3.4 Quick quiz 3.4 Exercise 3.4 Exam questions

3.4 Exercise

1. The Moon orbits the Earth with a period of 27.32days. The orbital radius is 3.84×108m. Calculate the orbital
speed of the Moon. Give your answer to 3 significant figures.

2. The asteroid 243 Ida was discovered in 1884. The Galileo spacecraft, on its way to Jupiter, visited the
asteroid in 1993. The asteroid was the first to be found to have a natural satellite, that is, its own moon, now
called Dactyl. Dactyl orbits Ida at a radius of 100 km and with a period of 27.0 hours. Calculate the mass of
the asteroid.
(

G=6.67×10−11 Nm2 kg−2)
3. Answer the following.

a. Using the information below, calculate the magnitude of the centripetal acceleration of a person standing
on Earth’s equator due to Earth’s rotation about its axis. Give your answer to 3 significant figures.

rE = 6.37×106m
T = 24.0hours

b. Would the centripetal acceleration be greater or less for a person standing in Victoria? Justify your answer.
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4. A space station orbits at a height of 355 km above Earth and completes one orbit every 92.0 minutes.
(Earth’s radius is rE=6.37×106m and Earth’s mass is mE=5.97×1024 kg.)
a. Calculate the orbital speed of the space station. Give your answer to 3 significant figures.
b. Calculate the magnitude of centripetal acceleration of the space station. Give your answer to 3 significant

figures.
c. What gravitational field strength does the space station experience? Give your answer to 3 significant

figures.
(

G=6.67×10−11 Nm2 kg−2)
d. Compare your answers to parts b and c; should they be the same? Explain your reasoning and account

for discrepancies.
e. If the mass of the space station is mSS=1200 tonnes, calculate the magnitude of the centripetal force on

the space station. Give your answer to 3 significant figures.
f. The mass of an astronaut and the special spacesuit they wear when outside the space station is 270 kg. If

they are a distance of 10m from the centre of mass of the space station, what is the force exerted on the
astronaut by the floor of the space station?

5. A spacecraft of mass 470 kg is orbiting Earth with a period of 2.50hours. Using the information below,
calculate its altitude. Give your answer to 3 significant figures.
G = 6.67×10−11 Nm2 kg−2
mE = 5.97×1024 kg
rE = 6.37×106m

6. A geostationary satellite remains above the same position on Earth’s surface. Once in orbit, the only force
acting on the satellite is that of gravity towards the centre of the Earth. Explain why the satellite doesn’t fall
straight back down to Earth.

7. A spacecraft orbits Earth with an orbital radius of rA=20000 km. If its orbital radius were doubled, calculate
the expected change in the period of orbit.

8. Venus and Saturn both orbit the Sun. Using the information about the Sun and the periods of the two planets
from table below, calculate the value of the following ratio:

distance of Saturn from theSun

distance of Venus from theSun

Give your answer to 3 significant figures.

Mean radius of orbit Orbital period

(au) (m) (years) (seconds) Equatorial radius (m) Mass (kg)

Sun 6.96×108 1.989×1030
Venus 0.723 1.08×1011 0.615 1.94×107 6.05×106 4.87×1024
Saturn 9.58 1.43×1012 29.5 9.30×108 5.82×107 5.68×1026

9. An astronaut is living on the International Space Station. When the astronaut sits down, they need to strap
themselves in so that they do not float away.
Explain why they need to do this.

10. In the future, it is predicted that space stations may rotate to simulate the gravitational field of Earth and
therefore make life more normal for the occupants.
a. Draw a diagram of such a space station. Include on your diagram:

• the axis of rotation
• the distance of the occupants from the axis
• arrows indicating the direction the occupants would consider as ‘down’.
(Remember to consider the frame of reference of the occupants!)

b. Make an estimate of the period of rotation your space station would need to simulate Earth’s
gravitational field.
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3.4 Exam questions

Question 1 (7 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.2; © VCAA

The speed of a satellite in a circular orbit around a planet is given by v=√

GM

r
, where G is the universal

gravitational constant, M is the mass of the planet and r is the orbital radius of the satellite.

Titan is the largest moon of Saturn and has an orbital radius of 1.2×109m. The mass of Saturn is 5.7×1026 kg.
Assume that Titan’s orbit is circular.
a. Calculate Titan’s orbital speed. (2 marks)
Another moon of Saturn is Rhea. Rhea is in a circular orbit of radius 5.3×108m.
b. Does Rhea travel faster than, at the same speed as or slower than Titan? Explain your answer. (2 marks)
c. Titan’s period around Saturn is 16days.

Calculate Rhea’s period around Saturn. Show your working. (3 marks)

Question 2 (6 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.8; © VCAA

A satellite is moving in a stable circular orbit 25 Earth radii from the centre of Earth, as shown in Figure 5. The
period of the satellite is T.

satellite

25 × R
E

Figure 5

a. Calculate the magnitude of the acceleration of the satellite. Show your working. (2 marks)
b. Indicate the direction of the acceleration of the satellite by drawing an arrow on the satellite shown in

Figure 5. (1 mark)
c. Another identical satellite is placed in a stable circular orbit 30 Earth radii from the centre of Earth.

Using the terms ‘less than’, ‘same as’ or ‘more than’, copy and complete the table below to describe the
magnitude of the acceleration, the kinetic energy and the period of this satellite compared to those of the
satellite that is orbiting at 25 Earth radii. (3 marks)

Magnitude of acceleration

Kinetic energy

Period

Question 3 (3 marks)
Source: VCE 2021 Physics Exam, Section B, Q.3; © VCAA

To calculate the mass of distant pulsars, physicists use Newton’s law of universal gravitation and the equations
of circular motion.

The planet Phobetor orbits pulsar PSR B1257+12 at an orbital radius of 6.9×1010m and with a period
of 8.47×106 s.
Assuming that Phobetor follows a circular orbit, calculate the mass of the pulsar. Show all your working.
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Question 4 (6 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.3; © VCAA

The motion of Earth’s moon can be modelled as a circular orbit around Earth, as shown in Figure 3.

moon

Earth

Figure 3

Data

Mass of Earth 5.98×1024 kg
Mass of the Moon 7.35×1022 kg
Radius of the Moon’s orbit around Earth 3.84×108m
Universal gravitational constant (G) 6.67×10−11 Nm2 kg−2

a. Calculate the magnitude of the gravitational force that Earth exerts on the orbiting moon. Give your answer
correct to three significant figures. Show your working. (3 marks)

b. The average orbital period of Earth’s moon is 27.32days. The moon is moving slightly further away from Earth
at an average rate of 4 cm per year. (3 marks)

Given this information, will the average orbital period of Earth’s moon decrease, stay the same or increase?
Explain your answer.

Question 5 (4 marks)
Source: VCE 2018, Physics Exam, Section B, Q.10; © VCAA

Members of the public can now pay to take zero gravity flights in specially modified jet aeroplanes that fly at an
altitude of 8000 m above Earth’s surface. A typical trajectory is shown in Figure 12. At the top of the flight, the
trajectory can be modelled as an arc of a circle.

Figure 12

a. Calculate the radius of the arc that would give passengers zero gravity at the top of the flight if the jet is
travelling at 180m s−1. Show your working. (2 marks)

b. Is the force of gravity on a passenger zero at the top of the flight? Explain what ‘zero gravity
experience’ means. (2 marks)

More exam questions are available in your learnON title.
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3.5 Energy changes in gravitational fields

KEY KNOWLEDGE

• Analyse the use of gravitational fields to accelerate mass, including:
• potential energy changes in a uniform gravitational field: Eg=mg∆h

• Analyse the change in gravitational potential energy from area under a force vs distance graph and area
under a field vs distance graph multiplied by mass

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

On 15 February 2013, an asteroid approached Earth, gaining speed in Earth’s gravitational field. By the time
it reached the atmosphere and vaporised into a meteor, it was travelling at a speed of 19 km s−1. With a mass
of approximately 1.2 × 107 kg, its kinetic energy was approximately 2.2 × 1015 J. It exploded about 30 km
above Chelyabinsk, in Russia. This caused a large shock wave that damaged buildings and injured over 1000
individuals. Smaller meteorite fragments fell to the ground after this explosion (with one fragment being found
to be over 600 kg). The Chelyabinsk asteroid gains speed as it approaches Earth. Its kinetic energy increases.
Where does this energy come from? The asteroid is experiencing a force from Earth’s gravitational field, which
causes the asteroid to accelerate. The work done by the gravitational force is transferred into kinetic energy of
the asteroid.

kinetic energy the energy
associated with the movement of
an object. Like all forms of energy, it
is a scalar quantity.

gravitational potential energy
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

However, the total energy of the asteroid–Earth system must remain the same. The
kinetic energy of the asteroid increases but the gravitational potential energy of the
asteroid–Earth system decreases.

In a similar way, as Halley’s Comet orbits the Sun, it has a speed of 38 km s−1 at the
point of closest approach, but slows to 0.64 km s−1 at the point furthest away.

3.5.1 Force–distance graphs
The asteroid and Halley’s Comet both experience gravitational forces that change in size. The change in
gravitational potential energy in each case is due to work done by and against the gravitational force and can
be found by calculating the area under the graph of gravitational force versus the displacement in the direction of
the force.

The change in gravitational potential energy can be obtained from the area under a
force–distance graph.

FIGURE 3.12 The total energy of the asteroid at B equals the total energy of the asteroid at A.

Increase in kinetic energy

of the Chelyabinsk asteroid as 

it moves from position A 

to position B above the 

surface of Earth. 

This equals the decrease 

in gravitational potential 

energy of the asteroid.

r (m)

Fg (N)

B A
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Note: Sometimes you may be given a negative value for the gravitational force rather than a positive value, and
so the graph will be inverted vertically. It is important that you are calculating the area between the graph and
the horizontal axis in this case when calculating the change in kinetic energy.

SAMPLE PROBLEM 10 Calculating the change in gravitational potential energy of a falling
mass using force–distance graphstlvd-8977

A mass of 10 kg falls to the surface of Earth from an altitude equal to two Earth radii (or
1.27 × 107m). What is the change in gravitational potential energy?
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THINK WRITE

1. The gravitational field
does the work on the
mass, and the change in
gravitational potential
energy can be found
from the area under
the force–displacement
graph. (Remember that
the surface of Earth is 1
Earth radius away from
the centre of Earth. So
an altitude of 2 radii
from the surface is in
fact 3 Earth radii from
the centre, as given in the
graph.)
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There are two methods
you can use to determine
the area. For these
questions, VCAA
will accept a range
of answers, so either
technique may be used,
depending on the grid
you are given. How to
find the area under a
curved graph:
Method 1:

Area l (blue) = 40× 0.5= 20 energy units
Area 2 (green) = 10× 1.5= 15 energy units

Area 3 (purple) = 1

2
× 24× 1.5= 18 energy units

(Note: The triangle with area
1

2
× 30× 1.5 would be larger than

the purple area, so the height of 30 was reduced to a level where
the areas matched.)

Area 4 (orange) = 1

2
× 53× 0.5= 13.25 energy units

Total area = 20+ 15+ 18+ 13.25= 66.25 energy units
l energy unit = 1 N× 1 Earth radius= 1 N× 6.37× 106 m= 6.37× 106 J

Therefore, the gravitational potential energy
lost = 66.25× 6.37× 106= 4.22× 108 J

1. Divide the area under the
graph into simple shapes
and estimate the area in
terms of the sum of the
areas of the shapes.

2. If the graph is drawn on
a fine grid, count the grid
squares under the graph.

3. Convert the grid areas to the
correct units.

Method 2: Use this
method when the graph
has a relatively fine
grid.
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Number of small squares = 80.5
Area of one small square = 4 N× 0.2× 1 Earth radius= 4 N× 0.2× 6.37× 106 m= 5.1× 106 J
Therefore, the loss in gravitational potential = 80.5× 5.1× 106 J= 4.11× 108 J

1. Count the number of
small squares between
the graph and the zero-
value line or horizontal
axis. Tick each one as
you count it to avoid
counting squares twice.
For partial squares, find
two that add together
to make one square and
tick both.

2. Calculate the area of
one small square.

3. Multiply the area of one
small square by the
number of small squares.
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PRACTICE PROBLEM 10

a. Use the following graph of the gravitational force on the Chelyabinsk asteroid to show that, in
moving from an altitude of two Earth radii to an altitude of one Earth radius, the asteroid lost
1.25 × 1014 joules of gravitational potential energy.
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b. Use the graph to find, to the nearest whole number, approximately how much gravitational
potential energy was lost by falling from an altitude of one Earth radius to Earth’s surface.
Compare this value with your answer to part a.

Note: Sometimes you may be given a negative value for the gravitational force rather than a positive
value, and so the graph will be inverted vertically. It is important that you are calculating the area
between the graph and the horizontal axis in this case when calculating the change in energy.

3.5.2 Field–distance graphs
The graph of the force versus distance experienced by a 10-kg mass falling to Earth’s surface and the
Chelyabinsk asteroid have the same shape, but very different scales. However, the gravitational fields
experienced by the 10-kg mass and the Chelyabinsk asteroid are identical. An alternative approach to finding
the change in gravitational potential energy of an object is to find the area under the gravitational field versus
distance graph and multiply that value by the mass of the object.

The change in gravitational potential energy for an object that moves from one point to another can be
obtained by multiplying the area under the graph of the gravitational field against distance by its mass.

The unit for gravitational field is newtons per kilogram. The unit for the area under a graph of gravitational
field against distance is (newtons per kilogram) × metre, hence newton metre per kilogram or simply joule
per kilogram. The change in energy can be obtained from this area by multiplying by the mass of the
object. Sometimes, instead of being given the distance in metres, you may be given the distance in Earth radii
(as seen in figure 3.13). In this case, you need to ensure you convert into metres before multiplying by newtons
per kilogram.
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FIGURE 3.13 Graph of the Earth’s gravitational field strength
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SAMPLE PROBLEM 11 Determining the work done using field–distance graphs
tlvd-8978

Determine the decrease in gravitational potential energy for a 100-kg mass that falls from a distance
of 4 Earth radii from the centre of Earth to 2 Earth radii using figure 3.13.

THINK
WRITE

1. Determine the area between the curve and the
axis between the distance of 2 and 4 Earth radii
and convert the units to SI units. (Remember,
there are two methods you can use for these
questions. You may count the squares or split
them into smaller areas. Due to the provision
of small squares, the method of counting
squares has been used.)

The area under the curve between 2 Earth radii and 4
Earth radii is 29 squares, with each square having an
area of 0.2N kg−1 × 0.2 Earth radii.
One Earth radius = 6.37× 106 m

Area under curve = 0.2× 0.2× 6.37× 106 × 29= 7.39× 106 Nmkg−1

2. Remember that Fg=mg.
Multiply the area by the mass to obtain the
change in energy.

Change in energy = 100 kg× 7.39× 106 Nmkg−1= 7.39× 108 Nm= 7.39× 108 J

PRACTICE PROBLEM 11

Calculate the decrease in gravitational potential energy for a 20-kg mass that falls from a distance of
3 Earth radii from the centre of Earth to 2 Earth radii from the centre of Earth.

3.5.3 Energy changes close to Earth’s surface
You have learned that the gravitational field of Earth decreases as the square of distance from the centre of Earth.
However, Earth is huge compared to the scale of ordinary human actions. For a distance of 1000 m from the
surface of Earth, the gravitational field has decreased by a mere 0.03%, from 9.805 N kg−1 to 9.802 N kg−1. The
gravitational field strength experienced by a ball dropped from an initial height of a couple of metres above the
surface of Earth is effectively constant.
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What about the energy transformations experienced by the ball? As the ball falls, work is done on the ball by
the gravitational field, and the ball speeds up. Energy is transferred from the gravitational field into the kinetic
energy of the ball.

Because the force of gravity, Fg, is constant (Fg=mg), the area under the force versus distance graph is simply
the product of the force and the change in height of the object (Δh).
The change in gravitational potential energy is:

ΔEg=mg× change in height=mgΔh
where: ΔEg is the change in gravitational potential energy, in J

m is the mass of the object, in kg

g is the gravitational field strength, in N kg–1Δh is the change in height, in m

ΔE=W=Fs
where: ΔE is the change in gravitational potential energy, in J

W is the work done, in J

F is the force of gravity, in N

s is the displacement in the gravitational field, in m

SAMPLE PROBLEM 12 Calculating the work done by gravitational fields (extending)
tlvd-8979

a. Determine the work done by the gravitational field on a 30-kg ball that is dropped from the top of a
150-m building.

b. Calculate the change in kinetic energy of a 30-kg ball that is dropped from the top of
150-m building. Assume that air resistance is negligible.

THINK WRITE

a. 1. Determine the magnitude of the force due to
gravity acting on the ball.

a. F = mg= 30× 9.8= 294N

2. The work done can be calculated using W=Fs. W = Fs= 294× 150= 44 100 J

b. The change in kinetic energy is equal to the work
done by the field.

b. ΔEk = work done by field= 44 100 J= 4.4× 104 J
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PRACTICE PROBLEM 12

A 2.0-kg ball is thrown vertically upwards from a height of 1.0 m, with an initial speed of 5.0 m s−1.
What is the kinetic energy of the ball just before it hits the ground?

INVESTIGATION 3.2
elog-1917

Exploring the relationship between gravitational potential energy and kinetic energy

AIM

To calculate the gravitational potential energy and kinetic energy of a falling ball and determine if the change in
gravitational potential energy is equal to the kinetic energy

3.5 Activities
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3.5 Quick quiz 3.5 Exercise 3.5 Exam questions

3.5 Exercise

1. A 2000-kg satellite falls from a distance of 3.5×107m to 1.0×107m.
Using the force–displacement graph below, estimate the change in the kinetic energy of the satellite. Give your
estimate to 1 significant figure.
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2. Using the force–displacement graph below, estimate the change in gravitational potential energy in moving
a 150-kg mass from a distance of 1 Earth radius to 3 Earth radii from the centre of Earth. Give your estimate
to 1 significant figure.
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The change in in gravitational potential energy is approximately ∆Eg= ___J.
3. Explain why the area under a gravitational force–distance graph gives the energy needed to launch a satellite,

but the area under a gravitational field strength–distance graph gives the energy per kilogram needed to
launch a satellite.

4. A space probe traverses an elliptical orbit as it passes around a distant unknown planet, Planet Q. Explain
how the kinetic energy of the space probe changes as it moves from X to Y and how the total energy of the
space probe changes as it moves from X to Y.

X Y

Planet Q

5. Using the gravitational field strength–distance graph below, estimate the change in gravitational potential
energy of a 300-kg satellite carried from the surface of Earth (radius 6.37×106m) to an orbit at an altitude of
1.4×107m. Give your estimate to 1 significant figure.
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6. A space shuttle, orbiting Earth once every 93minutes at a height of
400 km above the surface, deploys a new 800-kg satellite that is to
orbit a further 200 km away from Earth.
a. Use the following gravitational field strength–distance graph to

estimate the work needed to deploy the satellite from the shuttle.
Give your answer to 1 significant figure.

b. Use the mass mE=5.97×1024 kg and radius rE=6.37×106m of
Earth to assist you in determining the period of the new satellite.
Give your answer to 3 significant figures.
(

G=6.67×10−11 Nm2 kg−2)
c. Explain how the period of the new satellite can be determined

without knowledge of the mass of Earth.
d. If the new satellite was redesigned so that its mass was halved,

how would your answers to (a) and (b) change?
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7. A disabled satellite of mass 2400 kg is in orbit around Earth at a height of 2000 km above sea level. It falls to a
height of 800 km before its built-in rocket system can be activated to stop the fall.
a. Calculate the magnitude of the gravitational force on the satellite while it is in its initial orbit. Give your

answer to 3 significant figures.

G = 6.67×10−11 Nm2 kg−2
mE = 5.97×1024 kg
rE = 6.37×106m

b. Using the gravitational field strength–distance graph below, calculate the loss of gravitational
potential energy of the satellite during its fall. Give your answer to 1 significant figure.
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8. Close to the surface of Earth, the magnitude of the gravitational field can be approximated as a constant
(g=9.8N kg−1). Calculate the change in kinetic energy of an 85-g apple as it falls to the ground from a branch
at a height of 3.0m above the ground. Give your answer to 1 significant figure.

9. A 4.50-kg cannonball is launched from the deck of a ship with an initial velocity of 100m s−1. It misses
its target and splashes into the sea, 30.0metres below the deck of the ship. Ignore air resistance and estimate
the speed of the cannonball just before it hits the sea. Give your answer to 3 significant figures.
Use g=9.81N kg−1.
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3.5 Exam questions

Question 1 (1 mark)

MC The change in kinetic energy of a space probe in a gravitational field as it moves further away from a planet
can be calculated from:
A. the area under a gravitational force versus distance graph.
B. the area under a gravitational field strength versus distance graph.
C. the area under a gravitational force versus distance graph multiplied by the mass of the space probe.
D. the area under a gravitational field strength versus distance graph divided by the mass of the space probe.

Question 2 (1 mark)

MC A space probe can use the gravitational fields of planets that it is passing to change its speed. Which of the
following is not possible?
A. Gravitational potential energy can be converted into kinetic energy.
B. Work can be done on the space probe by the gravitational field, increasing its kinetic energy.
C. Kinetic energy can be converted into gravitational potential energy.
D. The gravitational field can do work on the space probe, increasing its gravitational potential and kinetic

energy.

Question 3 (11 marks)
Source: VCE 2021 Physics Exam, Section B, Q.8; © VCAA

On 30 July 2020, the National Aeronautics and Space Administration (NASA) launched an Atlas rocket (Figure 7a)
containing the Perseverance rover space capsule (Figure 7b) on a scientific mission to explore the geology and
climate of Mars, and search for signs of ancient microbial life.

Figure 7a  Figure 7b

a. At lift-off from launch, the acceleration of the rocket was 7.20m s−2. The total mass of the rocket and capsule
at launch was 531 tonnes.
Calculate the magnitude and the direction of the thrust force on the rocket at launch. Take the gravitational
field strength at the launch site to be g=9.80Nkg−1. Give your answer in meganewtons. Show your
working. (3 marks)

On 18 February 2021, the Perseverance rover space capsule, travelling at 20 000 kmh−1, entered
Mars’s atmosphere at an altitude of 300 km above the surface of Mars. The mass of the capsule was 1000 kg.
b. Calculate the kinetic energy of the capsule at this point. Show your working. (2 marks)
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Figure 8 shows the gravitational field strength of Mars g versus altitude h.
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c. Calculate the gravitational potential energy of the capsule relative to the surface of Mars at an altitude of
300 km. Show your working. (3 marks)

d. The capsule used aerodynamic braking as it descended through Mars’s atmosphere to reduce its
speed from 20000 kmh−1 to 1600 kmh−1. The capsule was then at an altitude of 10 km above the surface of
Mars and had ~1% of its original combined gravitational potential energy and kinetic energy remaining.
Describe how ~99% of the gravitational potential energy and kinetic energy of the capsule was transformed
and dissipated as the capsule descended from an altitude of 300 km above the surface of Mars to an altitude
of 10 km above the surface of Mars. No calculations are required. (3 marks)

Question 4 (3 marks)

Planet P in a distant solar system is observed moving in an elliptical orbit around the central star, Peres.

Peres

Planet P

X

Y 
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The gravitational force experienced by the planet is shown in the following graph.

0

0 10 20 30 40

Distance (106km)

0.005

0.01

0.015

0.02

0.025

G
ra

v
it

a
ti

o
n

a
l 
fo

rc
e

 (
N

)
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Calculate the change in kinetic energy as the planet moves from the point X, 30×106 km from Peres, to point Y,
10×106 km from Peres.

Question 5 (3 marks)

A 1.5-kg weather balloon is placed 50 km above the surface of the Earth. Use the following graph to calculate the
energy required to move the balloon from the Earth’s surface to its new position.
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More exam questions are available in your learnON title.
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3.6 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 past VCAA 

exam questions

Find all this and MORE in jacPLUS

3.6.1 Topic summary

Newton’s Universal Law
of Gravitation and the

inverse square law

Masses attract

Fg ∝ masses

Direction of Fon m by M is towards M

Gravitational field directed
towards M

Gravitational field is attractive,
non-uniform, static

Multiple masses: 

gT = g1 + g2 +…+ gn

(Sum of vectors)

Object in circular orbit at
a constant speed: centripetal

acceleration (towards the
centre of the circle)

Satellite and objects in
satellites are in free fall (no other

forces than that of gravity)

Change in gravitational potential
energy = area under force

versus distance graph

Change in gravitational potential
energy = mass times area under

field versus distance graph

A rocket or space probe can do
work against the gravitational field
and move to a position of higher

gravitational potential energy 
and/or increase its kinetic energy.

The gravitational field can do
work on a mass and move it to a

position of lower gravitational
potential (Ek increases)

Close to Earth, g is constant, so
change in gravitational potential

energy = mg�h

The field model

Gravitational
fields and their

applications

Motion in gravitational
fields, from projectiles
to satellites in space

Energy changes in
gravitational fields

1
Fg ∝

(distance between masses)2
Fg =

GMm

r2

Point mass M, gravitational field
strength at distance r:

g = GM

r2

r3

T2
= = constant

GM

4π
2

Fon M by m

r

Fon m by M mM

M a

r

m

v

Fg = mg

Free fall ⇔ a = g

Close to Earth’s surface,
gravitational field can be
considered uniform and

g = 9.81N kg–1

GMOrbital speed: v = 2πr

T
 = 

r
√

Magnitude of centripetal acceleration:

v2

r
 = GM

r2
a = 
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3.6.2 Key ideas summary

3.6.3 Key terms glossary
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Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 3 (doc-37169)
Key ideas summary — Topic 3 (doc-37170)

Exam question booklet Exam question booklet — Topic 3 (eqb-0100)
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3.6 Review questions
1. Which of the following correctly describes the gravitational field of Earth at large distances from

Earth’s surface?

A. The shape of the field is uniform, it attracts other masses, and the strength of the field is
inversely proportional to the square of the distance from the surface of Earth.

B. The shape of the field is non-uniform, it attracts other masses, and the strength of the field is inversely
proportional to the square of the distance from the surface of Earth.

C. The shape of the field is uniform, it attracts other masses, and the strength of the field is
inversely proportional to the square of the distance from the centre of Earth.

D. The shape of the field is non-uniform, it attracts other masses, and the strength of the field is inversely
proportional to the square of the distance from the centre of Earth.

2. Using the data below, calculate the ratio of the magnitude of the gravitational force on a ball at the surface
of Mars to the magnitude of the gravitational force on the same ball at the surface of the Moon. Give your
answer to 3 significant figures.

Mass (kg) Radius (m)

Mars 6.39×1023 3.39×106
Moon 7.35×1022 1.74×106

3. If a rocket travels in a straight line from Earth to the Moon, the gravitational field experienced by the rocket
is initially pointing towards Earth. As the rocket journeys, the field strength becomes weaker, until it is
finally zero, before increasing again, but with a direction pointing towards the Moon. Explain the change
in magnitude and direction of the gravitational field.
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4. Callisto is one of the many moons of Jupiter. Use the data provided below to calculate the mass of Jupiter.
Give your answer to 3 significant figures.

G= 6.67× 10−11 Nm2 kg−2

Radius if the orbit of Callisto around Jupiter: rC= 1.88× 109 m
Period of orbit of Callisto around Jupiter: TC= 400 hours

5. A spacecraft of mass 470 kg is orbiting Earth
(

rE= 6.37× 106 m
)

at an altitude h and with a period
of 150minutes. The Hubble Space Telescope orbits Earth at an altitude of 535 km and with a period
of 95minutes. Use this information to calculate the altitude h of the spacecraft and give your answer to
2 significant figures.

6. A spacecraft orbits Earth with an orbital radius of rA= 42 170 km. If the orbital radius were decreased by a
factor 16, calculate the expected change in the period of orbit.

7. On 24 January 2022, the James Webb Space Telescope, which was successfully launched on 25 December
2021, reached its destination, and is now orbiting the Sun, with an orbit radius of 9.45× 108 m.
Earth also orbits the Sun, with an orbit radius of 1.50× 109 m.

a. It takes 365 days for Earth to complete a revolution around the Sun. Determine the orbital period of the
James Webb Space Telescope. Give your answer to 3 significant figures.

b. Calculate the orbital speed of the James Webb space Telescope. Give your answer to 3 significant figures.

8. Lakshmi has read in her VCE Physics textbook that near Earth’s surface, the gravitational field is uniform.
She decides to check this information by calculating the gravitational field strength at different altitudes
above Earth’s surface.

a. Using the information below and a calculator or a spreadsheet, calculate the gravitational field strength for
the different altitudes h listed in the table. Give your answers to 3 significant figures.

G = 6.67× 10−11 Nm2 kg−2

mE = 5.97× 1024 kg

rE = 6.37× 106 m

Altitude h (m) g (N kg)−1
0

103

104

105

106

6.37 × 106

b. Based on those results, Lakshmi considers that using g= 9.8N kg−1 for any altitude between sea level
and 10 km is acceptable. Do you agree with her? Justify your answer.

9. Using the information below, calculate the change in gravitational potential energy of a 25-kg object
dropped from 10metres above the surface of the Moon. Give your answer to 3 significant figures.
Mass of the Moon: mM= 7.35× 1022 kg.
Radius of the Moon: rM= 1.74× 106 m.
G= 6.67× 10−11 Nm2 kg−2
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10. The following graph shows how the gravitational field strength, g, varies with distance from the centre of the
Moon. An artificial satellite of mass 150 kg orbits the Moon at a distance of 2.0× 106 m.
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Estimate the change in the satellite’s gravitational potential energy if it is moved to a new orbit with a radius
of 3.0× 106 m. Give your answer to 1 significant figure.

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

Source: VCE 2021 Physics Exam, Section A, Q.4; © VCAA

The planet Phobetor has a mass four times that of Earth. Acceleration due to gravity on the surface of Phobetor
is 18m s−2.
If Earth has a radius R, which one of the following is closest to the radius of Phobetor?

A. R

B. 1.5R
C. 2R

D. 4R

Question 2

Source: VCE 2020 Physics Exam, Section A, Q.2; © VCAA

Jupiter’s moon Ganymede is its largest satellite.

Ganymede has a mass of 1.5×1023 kg and a radius of 2.6×106m.

Which one of the following is closest to the magnitude of Ganymede’s surface gravity?

A. 0.8ms−2
B. 1.5ms−2
C. 3.8ms−2
D. 9.8ms−2
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Question 3

Source: VCE 2019, Physics Exam, Section A, Q.4; © VCAA

The magnitude of the acceleration due to gravity at Earth’s surface is g.

Planet Y has twice the mass and half the radius of Earth. Both planets are modelled as uniform spheres.

Which one of the following best gives the magnitude of the acceleration due to gravity on the surface of Planet Y?

A.
1

2
g

B. 1 g

C. 4 g

D. 8 g

Question 4

Source: VCE 2018, Physics Exam, Section A, Q.7; © VCAA

At one point on Earth’s surface at a distance R from the centre of Earth, the gravitational field strength is
measured as 9.76N kg−1.
Which one of the following is closest to Earth’s gravitational field strength at a distance 2R above the surface of
Earth at that point?

A. 1.08N kg−1
B. 2.44N kg−1
C. 3.25N kg−1
D. 4.88N kg−1

Question 5

Source: VCE 2020 Physics Exam, Section A, Q.11; © VCAA

The International Space Station (ISS) is travelling around Earth in a stable circular orbit, as shown in the diagram
below.

ISS

Earth

Which one of the following statements concerning the momentum and the kinetic energy of the ISS is correct?

A. Both the momentum and the kinetic energy vary along the orbital path.

B. Both the momentum and the kinetic energy are constant along the orbital path.

C. The momentum is constant, but the kinetic energy changes throughout the orbital path.

D. The momentum changes, but the kinetic energy remains constant throughout the orbital path.
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Question 6

Source: VCE 2022 Physics Exam, NHT, Section A, Q.4; © VCAA

The Mars Odyssey spacecraft was launched from Earth to explore Mars. The graph below shows the gravitational
force acting on the 700 kg Mars Odyssey spacecraft plotted against its height above Earth’s surface.
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Which one of the following is closest to the minimum launch energy needed for the Mars Odyssey spacecraft to
‘escape’ Earth’s gravitational attraction?

A. 4.0×104 J
B. 1.5×105 J
C. 4.0×1010 J
D. 1.5×1011 J

Question 7

Source: VCE 2021 Physics Exam, NHT, Section A, Q.4; © VCAA

A person has a mass of 60.0 kg.
Which one of the following is closest to the weight of this person on Earth’s surface?

A. 60.0 kg
B. 60.0N
C. 588 kg

D. 588N

Question 8

Source: VCE 2022 Physics Exam, NHT, Section B, Q.5; © VCAA

When a spacecraft orbits Earth, its orbital period is not a function of the

A. mass of Earth.

B. mass of the spacecraft.

C. velocity of the spacecraft.

D. height of the spacecraft above Earth.
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Question 9

Source: VCE 2018 Physics Exam, NHT, Section A, Q.2; © VCAA

Data

Mass of Mercury 3.34×1023 kg
Radius of Mercury 2.44×106m
Universal gravitational constant, G 6.67×10−11 Nm2 kg−2

The gravitational field strength at the surface of Mercury is close to

A. 9.00×106 N kg−1
B. 9.81×106 N kg−1
C. 3.74×106 N kg−1
D. 3.74×10−2 N kg−1

Question 10

Source: VCE 2019 Physics Exam, NHT, Section A, Q.4; © VCAA

The gravitational field strength at the surface of Mars is 3.7N kg−1.
Which one of the following is closest to the change in gravitational potential energy when a 10-kg mass falls
from 2.0m above Mars’s surface to Mars’s surface?

A. 3.7 J
B. 7.4 J
C. 37 J

D. 74 J

Section B — Short answer questions

Question 11 (9 marks)

Source: VCE 2022 Physics Exam, Section B, Q.2; © VCAA

There are over 400 geostationary satellites above Earth in circular orbits. The period of orbit is one day (86400 s).
Each geostationary satellite remains stationary in relation to a fixed point on the equator. Figure 2 shows an
example of a geostationary satellite that is in orbit relative to a fixed point, X, on the equator.

satellite

X

Figure 2

a. Explain why geostationary satellites must be vertically above the equator to remain stationary relative to
Earth’s surface. (2 marks)

b. Using G=6.67×10−11 Nm2 kg−2, ME=5.97×1024 kg and RE=6.37×106m, show that the altitude of a
geostationary satellite must be equal to 3.59×107m. (4 marks)

c. Calculate the speed of an orbiting geostationary satellite. (3 marks)
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Question 12 (10 marks)

Source: VCE 2020 Physics Exam, Section B, Q.4; © VCAA

The Ionospheric Connection Explorer (ICON) space weather satellite, constructed to study Earth’s ionosphere,
was launched in October 2019. ICON will study the link between space weather and Earth’s weather at its orbital
altitude of 600 km above Earth’s surface. Assume that ICON’s orbit is a circular orbit. Use RE=6.37×106m.

a. Calculate the orbital radius of the ICON satellite. (1 mark)

b. Calculate the orbital period of the ICON satellite correct to three significant figures. Show your
working. (4 marks)

c. Explain how the ICON satellite maintains a stable circular orbit without the use of propulsion
engines. (2 marks)

d. Figure 3 shows the strength of Earth’s gravitational field, g, as a function of orbital altitude, h, above the
surface of Earth. (3 marks)
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Figure 3

Determine the change in gravitational potential energy of the ICON satellite as it travels from Earth’s surface to
its orbital altitude of 600 km above Earth’s surface. The mass of the ICON satellite is 288 kg.

Question 13 (5 marks)

Source: VCE 2019, Physics Exam, Section B, Q.4; © VCAA

Assume that a journey from approximately 2 Earth radii (2RE) down to the centre of Earth is possible. The radius
of Earth RE is 6.37×106m. Assume that Earth is a sphere of constant density.

A graph of gravitational field strength versus distance from the centre of Earth is shown in Figure 4.

a. What is the numerical value
of Y? (1 mark)

b. Explain why gravitational
field strength is 0N kg−1
at the centre of
Earth. (2 marks)

c. Calculate the increase
in potential energy for a
75-kg person hypothetically
moving from the centre
of Earth to the surface of
Earth. Show your
working. (2 marks)

gravitational field strength

(N kg–1)

Y

R
E

2R
E

distance from the

centre of Earth (m)

Figure 4
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Question 14 (5 marks)

Source: VCE 2019, Physics Exam, Section B, Q.5; © VCAA

Navigation in vehicles or on mobile phones uses a network of global positioning system (GPS) satellites. The GPS
consists of 31 satellites that orbit Earth.

In December 2018, one satellite of mass 2270 kg, from the GPS Block IIIA series, was launched into a circular
orbit at an altitude of 20 000 km above Earth’s surface.

a. Identify the type(s) of force(s) acting on the satellite and the direction(s) in which the force(s) must act to keep
the satellite orbiting Earth. (2 marks)

b. Calculate the period of the satellite to three significant figures. You may use data from the table below in your
calculations. Show your working. (3 marks)

Data

mass of satellite 2.27×103 kg
mass of Earth 5.98×1024 kg
radius of Earth 6.37×106m
altitude of satellite above Earth’s surface 2.00×107m
gravitational constant 6.67×10−11 Nm2kg−2

Question 15 (8 marks)

Source: VCE 2018, Physics Exam, Section B, Q.9; © VCAA

The spacecraft Juno has been put into orbit around Jupiter. The table below contains information about the planet
Jupiter and the spacecraft Juno. Figure 11 shows gravitational field strength (N kg−1) as a function of distance
from the centre of Jupiter.

Data

mass of Jupiter 1.90×1027 kg
radius of Jupiter 7.00×107m
mass of spacecraft Juno 1500 kg

a. Calculate the gravitational force acting
on Juno by Jupiter when Juno is at a
distance of 2.0×108m from the centre of
Jupiter. Show your working. (2 marks)

b. Use the graph in Figure 11 to estimate the
magnitude of the change in gravitational
potential energy of the spacecraft Juno as
it moves from a distance of 2.0×108m to
a distance of 1.0×108m from the centre of
Jupiter. Show your working. (3 marks)

c. Europa is a moon of Jupiter. It has a
circular orbit of radius 6.70×108m around
Jupiter. Calculate the period of Europa’s
orbit. Show your working. (3 marks)
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AREA OF STUDY 2 HOW DO THINGS MOVE WITHOUT CONTACT?

4 Electric fields and their
applications

KEY KNOWLEDGE

In this topic, you will:
• investigate theoretically and practically electric fields, including directions and shapes of
fields, attractive and repulsive effects, and the existence of dipoles and monopoles

• investigate theoretically and practically electric fields about a point charge (positive or
negative) with reference to:
• the direction of the field
• the shape of the field
• the use of the inverse square law to determine the magnitude of the field
• potential energy changes (qualitative) associated with a point mass or charge moving in
the field

• identify fields as static or changing, and as uniform or non-uniform
• describe the interaction of two fields, allowing that electric charges can either attract or repel
• analyse the use of electric fields to accelerate a charge, including:

• electric field and electric force concepts: E= k
Q

r2
and F= k

q1q2

r2

• potential energy changes in a uniform electric field: W=qV, E= V

d
• the magnitude of the force on a charged particle due to a uniform electric field: F = qE.

Source: Adapted from VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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

FIGURE 4.1 A dental X-ray tube, with an
electron gun on the left-hand side and a
tungsten target in the copper sleeve on the
right-hand side.

 

Electric forces explain the form and function of much of
our everyday environment, from nerve cell responses in the
human body to the structure of the atom. Electric forces exist
between all electrically charged objects. Like gravitational
forces between masses, charged objects experience electric
forces when they are not touching each other. Unlike masses,
charged objects can attract or repel each other, depending
on whether they are positive or negative. This topic explores
electric fields produced by one or more charged objects, the
motion of charged particles affected by electric fields and
the use of electric fields to solve technological problems. An
example is the electron gun, a key component of an X-ray
imaging system. In an electron gun, electrons are accelerated
by a uniform electric field and collided with a target metal
such as tungsten. This produces X-rays, which can be used in
medical imaging.

LEARNING SEQUENCE

4.1 Overview ...............................................................................................................................................................................................196
4.2 Coulomb’s Law and electric force ...............................................................................................................................................197
4.3 The field model for point-like charges .......................................................................................................................................201
4.4 Electric fields from more than one point-like charge ...........................................................................................................207
4.5 Uniform electric fields ......................................................................................................................................................................213
4.6 Energy and motion of charges in electric fields and the linear accelerator .................................................................218
4.7 Review ...................................................................................................................................................................................................226

Resources

Solutions Solutions — Topic 4 (sol-0818)

Practical investigation eLogbook Practical investigation eLogbook — Topic 4 (elog-1635)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 4 (doc-37171)
Key ideas summary — Topic 4 (doc-37172)

Exam question booklet Exam question booklet — Topic 4 (eqb-0101)
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4.2 Coulomb’s Law and electric force

KEY KNOWLEDGE

• Investigate theoretically and practically electric forces about a point charge (positive or negative) with
reference to:
• the direction of the force
• the use of the inverse square law to determine the magnitude of the force

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

4.2.1 Coulomb’s Law
Many scientists in the 1700s thought that the force between charged objects would follow an inverse square
law, like the gravitational force. The first to measure it definitively was Charles-Augustin de Coulomb, who
published his findings in 1785.

Coulomb’s Law states that the force between two point charges is directly proportional to the product of
the magnitude of each charge and inversely proportional to the square of the distance between them. This
relationship is represented by the equation:

F= kq1q2
r2

where: F is the force value on each charged particle, in newtons (N)

k is Coulomb’s constant (8.99× 109 Nm2 C−2)

q1 and q2 are the signed magnitudes of the two charges, in coulombs (C)

r is the distance between the two charges, in metres (m)

EXTENSION: The Coulomb’s constant

The value of k is affected by the medium that the charges are in. If the charged particles are in a vacuum, k has a
value of 8.99×109 Nm2 C−2.The value of k is smaller than 8.99×109 Nm2 C−2 in all other media. In water, k is 80
times smaller; however, in air the reduction is negligible.

This constant is referred to by various names, such as ‘the electric force constant’ and ‘Coulomb’s constant’.

Because the signs of the charges are included in the formula expressing Coulomb’s Law, the force value can be
positive or negative. A positive force value indicates that the two charges repel each other; a negative force value
indicates that the two charges attract one another.
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SAMPLE PROBLEM 1 Using Coulomb’s Law to calculate the force between two charges
tlvd-8980

Two balloons are rubbed on a woollen jumper and each gain a charge of 2.0 nC. What force does one
balloon exert on the other when they are 10.0 cm apart? Is this an attractive or repulsive force?

THINK WRITE

Recall Coulomb’s Law: F= k
q1q2
r2

,

where:
k = 8.99 × 109 N m2 C−2 q1 and q2 = 2.0 × 10−9 C
and r = 0.100 m

FB1 on B2 = 8.99× 109 × 2.0× 10−9 × 2.0× 10−9

(0.100)2= 3.6× 10−6 N
The force has a positive sign, so the two balloons
repel each other. (This can also be determined by
the fact both charges are the same, and will therefore
repel.)

PRACTICE PROBLEM 1

In the hydrogen atom, the electron and proton are on average 5.3 × 10–11 m apart. An electron has
a charge of –1.6 × 10–19C, and a proton has a charge of +1.6 × 10–19C. Find the magnitude of the
electrical force between the electron and proton. Is it attractive or repulsive?

Repulsive and attractive electric forces

There are two types of charges, positive and negative.

Consider the three scenarios represented in figure 4.2.

In these three scenarios, the magnitude of the force is |F| = k
|q1| × |q2|

r2
.

In the first scenario, in which one object is negatively charged while the other is positively charged, q1q2 <0, and
thus the force value is negative and the force is attractive.

In the other two scenarios, q1q2 >0, and thus the force value is positive and the force is repulsive.

like charges charges with the same
type (both positive, or both negative)

unlike charges charges with
opposite type (one negative, one
positive)

Like charges repel and unlike charges attract.

FIGURE 4.2 Unlike the gravitational force, the force between charged objects can be attractive or repulsive.

Unlike charges attract

r

r

r

Like charges repel

Fon q2 by q1

Fon q1 by q2

Fon q1 by q2

Fon q1 by q2

Fon q2 by q1

Fon q2 by q1+q
2

+q
2

+q
1

–q
1

–q
1

–q
2

198 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Resources

Digital document The long road to Coulomb’s Law (doc-39341)

Interactivity Doing the twist (int-6608)

4.2 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

4.2 Quick quiz 4.2 Exercise 4.2 Exam questions

4.2 Exercise

1. A 10-µC point charge is placed 30 cm to the right of a 120-µC point charge.
a. Determine the magnitude of the electric force on the 10-µC charge. Give your answer to 2 significant

figures.
b. Determine the direction of the electric force on the 10-µC charge.

2. A 5.0-µC point charge is placed 20 cm to the left of a −7.0-µC point charge.
a. Determine the magnitude of the electric force on the 5.0-µC charge. Give your answer to 2 significant

figures.
b. Determine the direction of the electric force on the 5.0-µC charge.

3. A and B are two point charges placed xm apart. Initially, each point has a charge of +qC and the force they
exert on each other has a magnitude of 1.20×10−3 N. Determine the magnitude of the electric force in each of
the following situations.
(Consider the situations separately.)
a. The distance between A and B is doubled, to 2×m.
b. A charge of +2qC is added to B.
c. A charge of −3qC is added to A.
d. The distance between the point spheres is halved and the charges are changed to +0.5 C on A and 4qC

on B.
4. If the magnitude of the electric force between two electrons is equal to 2.40×10−18 N, determine how far apart

they are. Give your answer to 2 significant figures.
5. Two point charges A and B are placed 20 cm apart. The charges on A and B are +4.0×10−8 C and+9.0×10−8 C respectively. Determine the distance from A where a test charge would experience zero net

force.
(Consider the gravitational force to be negligible.)

6. MC A particle is moved along an imaginary line between two masses, m1 and m2. Points A and B have a
charge q1 and q2 respectively. The charge on the particle is +1nC. As the particle is moved along the line, the
force experienced by the particle changes.
Which of the following statements is not true?
A. If q1 and q2 are both positive, there will be a point somewhere on the line where the net electric force

experienced by the +1-nC charge will be zero.
B. If q1 and q2 are both negative, there will be a point somewhere on the line where the net electric force

experienced by the +1-nC charge will be zero.
C. If q1 is positive and q2 is negative, there will be a point on the line where the net electric force experienced

by the +1-nC charge will be zero.
D. There will be a point on the line where the gravitational attraction of the +1-nC charge to m1 is equal and

opposite to the gravitational attraction of the +1-nC charge to m2.
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4.2 Exam questions

Question 1 (1 mark)

MC Four charges (−2Q, −3Q, +2Q, −3Q) are placed at the vertices of a square and a test charge +Q is placed
at the centre of the square, as shown below.

–2Q –3Q

+2Q

+Q.

–3Q

Which of the following arrows best represent the direction of the net electric force on the charge +Q?
A. ↗
B. ↘
C. ↙
D. ↖

Question 2 (2 marks)

A point charge of 2.0C is1.5m from another point charge of 5.0C. Calculate the magnitude of the electric force
acting between them.

Question 3 (2 marks)

Two point charges, each of 1.0C, experience an electric force between them of 2.0N. Calculate the distance
between the two charges.

Question 4 (2 marks)

An electron experiences an electric force of 100N to the right from an unknown charge placed 3.2m to its left.
Calculate the value of the unknown charge.

Question 5 (4 marks)

In a hydrogen atom, the distance between the proton and the electron is about 5.2×10−11m.

Using the data in the table below, determine how far apart an electron and a proton should be so that the
magnitude of the electrical force between them is equal to the magnitude of the gravitational force exerted by
Earth on a hydrogen atom on its surface.

Data

mass of a hydrogen atom 1.6735×10−27 kg
charge of an electron/proton (e) (± )1.6×10−19 C
Coulomb’s constant (k) 9.0×109 Nm2 C−2
acceleration due to gravity on Earth (g) 9.8ms−2

Give your answers to the appropriate number of significant figures.

More exam questions are available in your learnON title.
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4.3 The field model for point-like charges

KEY KNOWLEDGE

• Investigate theoretically and practically electric fields about a point charge (positive or negative) with
reference to:
• the direction of the field
• the shape of the field
• the use of the inverse square law to determine the magnitude of the field

• Investigate theoretically and practically electric fields, including directions and shapes of fields, attractive and
repulsive effects, and the existence of dipoles and monopoles

• Identify fields as static or changing, and as uniform or non-uniform
• Analyse the use of electric fields to accelerate a charge, including:

• electric field and electric force concepts: E= k
Q

r2
and F= k

q1q2

r2

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

4.3.1 The electric field from a charged particle

electric field vector field
describing the property of the
space around a charge that
causes a second charge in that
space to experience a force due
only to the presence of the first
charge

electric force force experienced
by a charged particle if it is
placed within the electric field
of a second charged particle

Attraction and repulsion between charged objects occurs even when they are not
touching. To explain such interactions, Michael Faraday (1791–1867) introduced
the concept of a ‘field’. He proposed that an electric field exists in the space
around a charged object. If another charged object is placed in that space, it
experiences an electric force due to the field from the other object.

We have seen in subtopic 4.2 that the force on the test charge q by Q is given by

F= k
Qq

r2
.

Thus, the strength of the electric field E generated at a distance r from an object
with a charge Q is given by:

E= kQ

r2

where: E is the strength of the electric field due to a point charge, in N C–1

Q is the charge of the point charge (that is causing the electric field), in C

r is the distance from the point charge, in m

k is Coulomb’s constant (8.99 × 109 N m2 C–2)

The unit for the electric field is newtons per coulomb, or NC−1.

The relation between the electric force and the electric field is given by:

F= qE

where: F is the force on the charged particle, in newtons (N)

q is the charge of the particle experiencing the force, in coulombs (C)

E is the strength of the electric field, measured in N C–1
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Notice the similarity of the expressions for the electric force and field from point charges to the gravitational
force and field expression for point masses. Both are inverse square laws.

TABLE 4.1 Comparison between expressions for electric and gravitational fields

Force and field between masses Force and field between charges

Fg=G
mM

r2
F= qQ

r2

Fg=mg F=qE

g=G
M

r2
E= kQ

r2

However, electrical interactions are different from gravitational interactions in that electric charges can attract
and repel whereas gravitational interactions are always attractive.

SAMPLE PROBLEM 2 Determining the magnitude of an electric field from a point charge
tlvd-8981

What is the magnitude of the electric field at a point 50 cm to the left of a point charge of
+2.0 × 10–7 C?

THINK WRITE

Recall the formula for an electric field:
Ensure that the distance is in metres and
the charge is in coulombs. In this case, the
distance of 50 cm needs to be converted
to 0.5 m.

E = kQ

r2

E = 8.99× 109 × 2.0× 10−7

(0.5)2= 7.2× 103 NC−1

The magnitude of the electric field is 7.2× 103 NC−1.

PRACTICE PROBLEM 2

What is the magnitude of the electric field at a point 30 cm to the right of a point charge of
–3.0 × 10–6 C?

Drawing an electric field diagram
When you draw a gravitational field, the field lines indicate the direction of gravitational force on a mass in the
field. But for an electric field, it is ambiguous because the direction of the force experienced by a charge in a
field depends on whether the charge is positive or negative. A convention is needed.

In an electric field diagram, the direction of the field is the direction in
which a positive charge would experience the electrical force.

This means that the lines are directed away from positively charged sources, and towards negatively charged
sources (see figure 4.3).
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FIGURE 4.3 Fields around a. a positive charge and b. a negative charge

+

a.

–

b.

electric monopole single electric
point charge, in which all the
electric field lines point inward for
a net negative electric charge or
away for a net positive electric
charge

Remember that the changes in the spacing of the field lines indicate changes in
the strength of the field. For the electric monopoles in figure 4.3, the field lines
spread out from the centre. The increased spacing between field lines, as the
distance from the point charge increases, shows that the field is weakening. The
field is not uniform everywhere in space. However, the field is unchanging or
static over time.

SAMPLE PROBLEM 3 Drawing forces between charged particles
tlvd-8982

Consider a particle with a charge of 1.0 μC.
a. Draw a diagram of the field of the particle.
b. Draw a vector showing the force on a 1.0-nC charge placed 2.0 cm to the right of the particle.
c. Draw a vector showing the force on a −1.0-nC charge placed 2.0 cm to the right of the particle.
d. Draw a vector showing the force on a 1.0-nC charge placed 4.0 cm to the right of the particle.

THINK WRITE

a. Recall the shape of the electric field around a
point charge, remembering that the direction
of the field is the direction in which a positive
charge would experience a force (away from the
charge).

a.

+
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b. As the charges are both positive, they will repel
each other.

b.

+

2 cm

c. As the charges are opposite, they will attract each
other.

c.

+

2 cm

d. As the charges are both positive, they will repel
each other. As the distance between the charges
has doubled, the force between them has reduced

to
1

4
of the original force.

d.

4 cm

+

PRACTICE PROBLEM 3

Consider a particle with a charge of −1.0 μC.
a. Draw a diagram of the field of the particle.
b. Draw a vector showing the force on a 1.0-nC charge placed 2.0 cm to the left of the particle.
c. Draw a vector showing the force on a –1.0-nC charge placed 2.0 cm south-east of the particle.
d. Draw a vector showing the force on a 1.0-nC charge placed 4.0 cm north-east of the particle.
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Graphing the electric field

FIGURE 4.4 The electric field at an increasing distance from a. a
positive charge, b. a negative charge

+
r E

P

−
r P

E

a.

b.

E

0 r

E

0 r

The direction of the electric field is the
direction in which a positive test charge
would experience a force.

For a central positive charge, the
direction of the electric field vector at
a point P is in the same direction as
the position vector of P. This means
that the graph of the electric field is
above the distance axis. This can be
further understood when you consider
the formula for an electric field, where

E= kQ

r2
. If the value of Q (the charge) is

positive, the strength of the electric field
(E) is also positive.

For a central negative charge, the
direction of the electric field vector is
in the opposite direction to the position
vector, so the graph of the electric field
around a negative charge will be below
the distance axis. This can be further understood when you consider the formula for an electric field, where

E= kQ

r2
. If the value of Q (the charge) is negative, the direction of the electric field E is in the opposite direction

from the position of any test charge. A positive test charge would experience an attractive force towards the
negative charge.

EXTENSION: Electric attraction

Recent research has shown that electric attractions between bees and flowers have an important role in bees
locating flowers with pollen. Bees acquire a slight positive charge as they fly through the air. Like the surface of
Earth, flowers tend to be negatively charged. Bees are very sensitive to the shape of the electric field from the
flower, using the electric field to distinguish between different flower types.

FIGURE 4.5 Bumblebees can sense the electric field
surrounding a flower.
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4.3 Quick quiz 4.3 Exercise 4.3 Exam questions

4.3 Exercise

1. Determine the strength of the electric field 30 cm from a charge of 120µC. Give your answer to 2 significant
figures.

2. Calculate the strength of the electric field 5.2µC from a proton. Give your answer to 2 significant figures.
3. a. An electric force of 1.5N acts upwards on a charge of +3.0µC. Calculate the strength of the electric field.

Give your answer to 2 significant figures.
b. What is the direction of the electric field?

4. A negative test charge is placed at a point in an electric field. It experiences a force to the right. What is the
direction of the electric field at that point?

5. a. An electric force of 3.0N acts downwards on a charge of −1.5µC. Calculate the strength of the electric
field. Give your answer to 2 significant figures.

b. What is the direction of the electric field?
6. MC Which of the following statements is incorrect?

A. Electric fields can attract or repel charges, depending on the type of charge and nature of the field.
B. Electric fields can be uniform or non-uniform.
C. The source of an electric field can be a monopole.
D. Electric field lines must always form closed loops.

7. Answer the following
a. Explain why electric field lines can never cross.
b. If a particle is free to move, will it move along a field line?

4.3 Exam questions

Question 1 (1 mark)
Source: VCE 2018 Physics Exam, NHT, Section A, Q.3; © VCAA

MC A Van de Graaff generator, which is a piece of electric field demonstration equipment, consists of a small
sphere that is electrically charged, as shown in the diagram below.

0.50 m

X

+

+
++

+

+
+ +

+

+

A particular Van de Graaff generator has a sphere that has a charge of 5.0×10−7 coulombs on it. Take the
Coulomb’s law constant to be k=9.0×109 Nm2 C−2.
Which one of the following best gives the magnitude of the electric field at point X in the diagram above, 0.50m
from the sphere?
A. 1.8×10−2 Vm−1
B. 3.6×10−2 Vm−1
C. 1.8×104 Vm−1
D. 3.6×104 Vm−1
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Question 2 (1 mark)

An electron is placed in an electric field and experiences a force due to the field that is in an upward direction.
What is the direction of the field at that location?

Question 3 (2 marks)

Calculate the strength of the electric field 12 cm away from a point charge of 6.0×10−4 C.
Question 4 (2 marks)

At a distance of 15 cm from an unknown charge, the strength of the electric field is 80.5NC−1. Determine the
unknown charge in coulombs.

Question 5 (2 marks)

At what distance from a proton, of charge 1.6×10−19 C, is the strength of the electric field 5.4NC−1?
More exam questions are available in your learnON title.

4.4 Electric fields from more than one point-like charge

KEY KNOWLEDGE

• Describe the interaction of two electric fields, allowing that electric charges can either attract or repel

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

4.4.1 Electric fields from two or more charges: dipoles
When two or more charged sources are present, the fields from each of the individual sources are added together
to give the total field. Remember that electric fields are vectors and obey vector addition laws.

Consider the following diagram of the electric field for two positive charges:

FIGURE 4.6 The field from two positive charges

+ + + + +

At the point halfway between the two charges, the fields from the two charges completely cancel, resulting in a
field of zero strength. Notice that at large distances from the charges, the field lines start to look more like field
lines from a point with twice as much charge.
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When a positive charge and negative charge of equal size get near to each other, they create an electric dipole,
and you obtain a very different pattern:

FIGURE 4.7 The field from a positive and a negative charge, known as an electric dipole

+ + – + –

electric dipole a positive charge
and a negative charge that are
separated by a short distance

The field pattern from an electric dipole cannot be confused with the field from a
single charge. The dipole field pattern has a definite attractive end and a definite
repulsive end. It is also clearly non-uniform.

INVESTIGATION 4.1
elog-1924

tlvd-10486

Investigating the electric field using an electric compass

AIM

To investigate the electric field from positive and negative sources of charge, both singly and in combination

EXTENSION: Dipole fields

When a positive charge and a negative charge are separated by a short distance, the electric field around them
is called a dipole field. This concept is also relevant to magnetic fields, where the ends of a bar magnet have
different polarities (north and south).

Electric dipoles play a very important role in atoms and molecules. For example, in a molecule of water, H2O, the
oxygen atom more strongly attracts the shared electrons than do each of the hydrogen atoms, as shown in
figure 4.8. This makes the oxygen end of the molecule more negatively charged and the hydrogen end more
positively charged. Because of this, the water molecule is called a polar molecule. It is this polarity that makes
water so good at dissolving substances.

dipole field electric field
surrounding a positive charge and a
negative charge that are separated
by a short distance

An antenna can be described as a varying electric dipole. To produce a radio or a TV
signal, electrons are accelerated up and down the antenna. At one moment, the top
may be negative and the bottom positive, then, a moment later, the reverse is the case.
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FIGURE 4.8 A water molecule (H2O)
displays polarity.

Partial positive charge

Partial negative charge

δ–

δ+
δ+

O

HH

FIGURE 4.9 Partial circuit diagram of an
antenna

q

E

–

–

–

–

+

+

+

+

Many fish generate and sense electric fields. Some use them to communicate, others to sense prey, and others
like electric eels can stun their prey with an electric shock.

FIGURE 4.10 An electric eel produces an electric dipole field.

SAMPLE PROBLEM 4 Sketching electric fields due to point charges
tlvd-8983

a. Sketch the field due to the two particles shown in the following diagram, each with a charge of
–1.0μC separated by 4.0 cm.

A

– –

B

b. Draw a vector indicating the direction of the force on a 1.0-nC charge placed to the left of
particle A.

c. Describe how the direction of the force on the 1.0-nC charge changes as it is moved along an
imaginary line connecting particles A and B.
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THINK WRITE

a. Recall the shape of the electric field around two
negative charges.

a.

–

A B

–

b. As the charge is positive, it is attracted to the
negative particles A and B, which are positioned
directly to the right of the 1.0-nC charge.

b.

– –

c. The positive charge is attracted to both negative
point charges A and B. The overall net force on
the charge is the sum of the forces acting on it
from particles A and B.

c. When the 1.0-nC charge moves past particle A to the
right-hand side, it experiences an attractive force to
the left from particle A and also an attractive force
to the right from particle B. Because the charge is
closer to particle A than particle B, the force acting
to the left is stronger than the force to the right, so
the net (or overall) force on the 1.0-nC charge at this
point is to the left (but it is smaller in magnitude than
the force it experienced in part b). As the charge is
moved closer to particle B, the magnitude of the
leftward net force decreases to zero at the point
halfway between the two particles. When the charge
moves closer to particle B than particle A, the net
force acts to the right and becomes stronger as the
charge moves closer to particle B.

PRACTICE PROBLEM 4

Sketch the electric field that would result from particle A having a negative charge of 1μC and
particle B (which is placed to the right of particle A) having a positive charge of 1μC.
a. Compare the force on a 1-nC charge placed to the left of particle A with one placed to the right of

particle A.
b. Describe how the force changes on the 1-nC charge as it is moved along an imaginary line between

A and B.
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Resources

Digital document The structure of DNA and electrical attraction (doc-39342)

Weblinks Electric field line simulator
Charges and fields
Electrostatic applet
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4.4 Quick quiz 4.4 Exercise 4.4 Exam questions

4.4 Exercise

1. Two small spheres, A and B, are placed with their centres 10 cm apart. P is placed between A and B, at a
position 2.5 cm from A. Determine the direction of the electric field at P in the following situations.
a. A and B have the same positive charge.
b. A has a positive charge, B has a negative charge and the magnitudes are the same.

2. A +2-nC charge is placed to the right of a −2-nC charge. Sketch the electric field around those two charges.

+–

3. Sketch the electric field around two positive charges, A and B, where the charge on A is twice that on B.
4. MC For the dipole field shown, which of the following statements are true?

A B

A. The point charges at A and B have the same size.
B. The size of the charge at point B is smaller than the one at point A.
C. Both charges are positive.
D. The charge at point A is positive, and the one at point B is negative.

5. A +2.0-nC charge is placed 15 cm to the right of a +3.0-nC charge. Josh predicts there will be a point
between the two particles at which the combined electric field strength will be zero.
a. Determine the value of the combined electric field strength E at the following distances x to the right of the+3.0-nC charge. Consider the positive direction to be to the right.

Give your answers to 3 significant figures.
b. Explain your results from part a and decide whether Josh is correct.
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4.4 Exam questions

Question 1 (2 marks)

Figure 1 shows two equal negative stationary point charges placed near each other. Sketch on Figure 1 the shape
and direction of the electric field lines. Use at least eight field lines.

Figure 1

– –

Question 2 (1 mark)
Source: Adapted from VCE 2020 Physics Exam, Section A, Q.1; © VCAA

MC The diagram below shows the electric field lines between two charges of equal magnitude.

 

+–

The best description of the two charges is that the
A. charges are both positive.
B. charges are both negative.
C. charges can be either both positive or both negative.
D. left-hand charge is positive and the right-hand charge is negative.

Question 3 (1 mark)
Source: VCE 2017, Physics Exam, Section B, Q.1; © VCAA

Three charges are arranged in a line, as shown in Figure 1.

 

X

–Q +Q

Figure 1

–Q

Draw an arrow at point X to show the direction of the resultant electric field at X. If the resultant electric field is
zero, write the letter ‘N’ at X.

Question 4 (2 marks)

Two charges, −2Q and +Q, are separated by a distance of 1.0 cm. A point X is 1.0 cm to the right of the positive
charge. Draw an arrow at X to show the direction of the resultant field at X. If the resultant field is zero, write the
letter N at X.

–2Q +Q

X
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Question 5 (8 marks)

A particle acquires a −3.0-nC charge.
a. Sketch the electric field due to the −3.0-nC charge. (2 marks)

A second particle with a charge of +5.0 nC is placed 4.0 cm to the left of the −3.0-nC charge.
b. Calculate the magnitude of the force on the +5.0-nC charge due to the −3.0-nC charge. (2 marks)
c. What is the direction of the electric force exerted by the −3.0-nC charge on the +5.0-nC charge? (1 mark)
d. Is there any point at which the combined electric field from the two charges will have a value of zero? Explain

your response without using calculations. (3 marks)

More exam questions are available in your learnON title.

4.5 Uniform electric fields

KEY KNOWLEDGE

• Analyse the use of electric fields to accelerate a charge, including:
• the magnitude of the force on a charged particle due to a uniform electric field: F = qE

• Identify fields as static or changing, and as uniform or non-uniform

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

4.5.1 The electric field between parallel charged plates

uniform electric field electrical
field in which the strength and
direction are constant at every
point

If a set of positive and negative charges were lined up in two rows facing each
other, the lines of electric field in the space between the rows would be evenly
spaced, that is, the value of the strength of the field would be constant. This is
called a uniform electric field. Note that the electric field vector (and thus the
field lines) are always perpendicular to conducting surfaces.

It is also very easy to set up. Just set two metal plates a few centimetres apart, then connect one plate to the
positive terminal of a battery and connect the other plate to the negative terminal of the battery. The battery
will transfer electrons from one plate, making it positive, and put them on the other, making that one negative.
The battery will keep on doing this until the positive plate is so positive that the battery’s voltage, or the energy
it gives to each coulomb of electrons, is insufficient to overcome the attraction of the positively charged plate.
Similarly, the negatively charged plate will become so negative that the repulsion from this plate prevents further
electrons being added.

FIGURE 4.11 A uniform electric field
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FIGURE 4.12 An electric field between two plates
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The uniform field between the plates means that the force experienced by a charged particle placed at any
position between the plates is the same: F = qE.

The field remains static, or unchanging, for as long as the parallel plates remain charged.

The force on a charge placed between the plates is the same at all places between the plates. This has many
important applications and is the basic building block of a particle accelerator.

If there is no other force acting on the charged particle q, then the force due to the interaction with the electric
field is the net force, and, applying Newton’s Second Law, the particle experiences an acceleration parallel to the

field, a, where a= F
m
= qE

m
. This can be observed in table 4.2. It is clear that this motion is very similar to that

experienced in gravitational fields.

Hence, the motion of a charged particle has two components:
1. uniform velocity perpendicular to the field
2. uniform acceleration parallel to the field.

The combination of these two components produces a trajectory very similar to that of projectile motion.

TABLE 4.2 Comparing trajectories in electric fields to those in gravitational fields

Electric fields
Charge placed at a point Charge with velocity

F = qE

Eq

When a charge q is placed in a uniform electric field, it
will experience a force F = qE. Therefore, the charge
will accelerate uniformly along the field (in the direction
that the field lines are facing).

E

v

Trajectory
F, a

q

When a charge q travelling with a velocity v across
the field is placed in an electric field, it will have a
trajectory motion. This is because its motion has two
components:
Uniform velocity perpendicular to the field
Uniform acceleration parallel to the field (along the
field lines).

Gravitational fields
Mass placed at a point Mass with velocity

F = mg

g
m

Similar to the situation involving an electric field,
when a mass m is placed in a gravitational field, it will
experience a force F = mg. Therefore, the mass will
accelerate uniformly along the field (in the direction that
the field lines are facing).

g
v

Trajectory
F, a

m

Similar to the situation involving an electric field, when
a mass m is placed in a gravitational field, it will have
a trajectory motion. This is because its motion has two
components:
Uniform velocity perpendicular to the field
Uniform acceleration parallel to the field (along the field
lines).
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SAMPLE PROBLEM 5 Calculating forces on a free charge in a uniform electric field
tlvd-8984

The electric field strength between two parallel plates separated by 2.0 cm is 10 N C–1. An electron
(with a charge of –1.6 × 10–19 C) enters the space between the plates.
a. Calculate the magnitude of the force on the electron.
b. Describe the direction of the force on the electron.
c. Calculate the change in velocity of an electron that starts at rest halfway between the two plates.

THINK WRITE

a. Recall that F= qE and that the charge on the
electron is –1.6 × 10–19 C.

a. F = qE= −1.6× 10−19 × 10
Hence, the magnitude of the force is 1.6× 10−18 N.

b. Remember that the electron has a negative
charge.

b. The sign of the force is opposite to the sign of the
field, so the electron experiences a force in the
opposite direction to the electric field and will be
accelerated towards the positive plate.

c. 1. The electron experiences a constant force,
so it undergoes constant acceleration.
Apply Newton’s Second Law, F=ma, to
determine the acceleration. Use your formula
sheet to find that the mass of an electron is
equal to 9.1× 10−31 kg.

c. a = Fnet

m= 1.6× 10−18

9.1× 10−31= 1.8× 1012 m s−2

2. The values of the initial velocity, acceleration
and distance travelled are known, so these
can be used in the equation v2=u2+ 2as to
calculate the final velocity.
For the distance, remember that the electron is
halfway between the two plates, so the distance
is 1.0 cm (converted to 0.01 m for use in the
formula). You also need to ensure that you use
your non-rounded value for acceleration during
your calculations.

v2 = u2+ 2as

v2 = 0+ 2× 1.8× 1012 × 0.01= 3.5× 1010⇒ v = 1.9× 105 m s−1

As the initial velocity was 0 m s–1 and the final
velocity was 1.9 × 105 m s–1, the change in velocity
was 1.9 × 105 m s–1.

PRACTICE PROBLEM 5

The electric field strength between two parallel plates separated by 2.0 cm is 20 N C–1. A proton is
placed halfway between the plates. The proton has a charge of 1.6 × 10–19 C and a mass of
1.67 × 10–27 kg.
a. What is the magnitude of the force on the proton?
b. Describe the direction of the force on the proton.
c. Calculate the final velocity of a proton that starts at rest halfway between the two plates.
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4.5 Quick quiz 4.5 Exercise 4.5 Exam questions

4.5 Exercise

1. The electric field between two charged plates is represented below. Determine which plate is positively
charged.

2. An electron is moving between two charged plates, and its trajectory is represented below.
Draw an arrow to represent the direction of the electric field, an arrow to represent the direction of the electric
force on the electron at a random point of its trajectory and label the plates with their respective charges.

e–

–––––––

+++

F

E
v

++++

3. Answer the following:
a. Calculate the magnitude of the acceleration of an electron of mass 9.1×10−31 kg in a uniform electric field

of strength 1.0×106 NC−1. Give your answer to 2 significant figures.
b. Starting from rest, determine how long it would take for the speed of the electron to reach 10% of the speed

of light in a vacuum (c=3.0×108ms−1)? Ignore relativistic effects and give your answer to 2 significant
figures.

c. Calculate the distance the electron would travel in that time. Give your answer to 2 significant figures.
4. In an inkjet printer, small drops of ink are given a controlled charge and fired between two charged plates. The

electric field deflects each drop and thus controls where the drop lands on the page, as outlined in the
diagram.

l

Drop

generator

Charging

unit

PaperDeflecting

plates
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Let m be the mass of the drop, q be the charge of the drop, v be the speed of the drop, l be the horizontal
length of the plate crossed by the drop, and E be the electric field strength.
a. Develop an expression for the deflection of the drop.

Hint: This is like a projectile motion question.
b.With the values m=1.0×10−20 kg, v=20ms−1, l=1.0 cm and E=1.2×106 NC−1, calculate the charge

required on the drop to produce a deflection of 1.2mm. Give your answer to 2 significant figures.
5. MC A charged particle is placed between two oppositely charged conducting plates. If the strength of the

electric field is doubled (and ignoring gravitational effects), which of the following is true? (Select all
that apply.)
A. The net force experienced by the charge doubles.
B. The acceleration experienced by the charge doubles.
C. The final velocity of the particle doubles.
D. The charged particle does not move.

4.5 Exam questions

Question 1 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.2; © VCAA

MC Millikan, a famous scientist, measured the size of the electron charge by balancing an upwards electric
force with a gravitational force on a small oil drop. In a repeat of this experiment, an oil drop with a charge of
9.6×10−19 C was placed in an electric field of 104 Vm−1.
Which one of the following is closest to the electrical force on the oil drop?
A. 9.6×10−14 N
B. 9.6×10−15 N
C. 9.6×10−22 N
D. 9.6×10−23 N

Question 2 (2 marks)

Calculate the magnitude of the electric force acting on an electron of charge 1.6×10−19 C in a uniform electric
field of strength 2.5×104 NC−1.

Question 3 (2 marks)

Calculate the acceleration of an electron of charge 1.6×10−19 C and mass 9.1×10−31 kg due to the force acting
on it in a uniform electric field of strength 2.0×108 NC−1.

Question 4 (1 mark)

An electron gun is used to inject electrons into the LINAC of a synchrotron.

MC The charge of an electron is 1.6×10−19 C and the mass of an electron is 9.1×10−31 kg. If the acceleration of
the electrons is 1.2×1014ms−2, then the electric field strength is closest to:
A. 1.0×105 VC−1.
B. 1.0×108 VC−1.
C. 1.0×103 VC−1.
D. 1.0×10−2 VC−1.

Question 5 (6 marks)

Answer the following.
a. Calculate the magnitude of the acceleration of an alpha particle of mass 6.64×10−27 kg, and of charge 2e, in a

uniform electric field of strength 4.0×106 NC−1. (2 marks)
b. Starting from rest, the alpha particle travels for 1.0 ns in the uniform electric field. Determine how far the alpha

particle travelled. (Ignore relativistic effects.) (2 marks)
c. Calculate the speed of the alpha particle after 1.0 ns. (2 marks)

More exam questions are available in your learnON title.
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4.6 Energy and motion of charges in electric fields and
the linear accelerator

KEY KNOWLEDGE

• Investigate theoretically and practically electrical fields about a point mass or charge (positive or negative)
with reference to:
• potential energy changes (qualitative) associated with a point mass or charge moving in the field

• Analyse the use of an electric field to accelerate a charge, including:

• potential energy changes in a uniform electric field: W = qV, E= V

d
• Model the acceleration of particles in a particle accelerator by a uniform electric field

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

4.6.1 Potential energy changes for charges moving in electric fields
A particle placed in an electric field experiences an electric force. If the particle is displaced in a direction
parallel to the force, the electric force does work on the particle. There is a corresponding decrease in electrical
potential energy of the particle in the field. An example of this occurs in an electron gun, when an electron is
released near a positively charged object. The electron accelerates towards the positive object. The electron’s
kinetic energy increases and the electrical potential energy in the field decreases.

If a force is used to move a particle in a direction opposing the electric force on the particle, then the potential
energy of the charged particle will increase. For example, if two positively charged balloons are pushed closer
together, the electrical potential energy will increase.

4.6.2 Energy changes for a charged particle in a uniform electric field
A source of EMF, such as a battery, supplies energy to a circuit. Each amount of charge, q, that passes from one
side of the battery to the other is supplied with qV joules of energy, where V is the value of the battery EMF or
voltage, in volts (V).

When two parallel plates are connected to a battery, a total amount of charge, Q, passes through the battery until
the battery is no longer able to supply an electron with enough energy to overcome its attraction to the now
positively charged plate. At this point, the electrical potential difference between the plates is equal to the EMF,
V, of the battery.

The electric field strength between the plates, E, can be related to the electrical potential difference between the
plates, V, and the separation of the plates, d.

If a charge q is placed on the positive plate, it experiences an attractive force, qE, due to the field between the
charged plates. It will be accelerated across the gap to the negatively charged plate. The work done on the charge
by the field equals qEd, so the kinetic energy of the charge will increase by qEd. It is equivalent to an excess of
charge on the plate, q, moving back through the battery, which would be a decrease in electrical potential energy
of qV.
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ΔEk=W= qV

where: ΔEk is the change in kinetic energy, in J

W is the work done on q coulombs of charge, in J (or N m)

q is the quantity of charge, in C

V is the potential difference of the voltage drop, in V

Equating the work done on the charge by the field with the change in electrical potential energy of the battery,
we find the following relationship:

E= V

d

where: E is the electric field strength, in V m–1

V is the electric potential difference, in V

d is the distance between two points in the electric field, in m

This provides an alternative unit for electric field of volts per metre or V m−1. So, like gravitational field
strength, electric field strength has two equivalent units: either newtons per coulomb

(

N C−1) or volts per metre.
Using volts per metre makes it very easy to determine the strength of a uniform electric field.

SAMPLE PROBLEM 6 Determining the strength of a uniform electric field between
two platestlvd-8985

What is the strength of the electric field between two plates 5.0 cm apart connected to a 100 V DC
supply?

THINK WRITE

Recall the formula for the electric field between two parallel
plates with a potential difference V across the plates:

E= V

d
where V = 100 V and d = 5.0 cm = 0.05 m.

E = V

d= 100

0.05= 2.0× 103 Vm−1

PRACTICE PROBLEM 6

Calculate the strength of the electric field between a storm cloud 1.5 km above ground and the ground
itself if the electric potential difference is 30 000 000 V. Assume a uniform field.
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4.6.3 The linear accelerator

linear particle accelerator type of
particle accelerator based on the
work done by the field in moving a
charge from one plate to the other

An electric field can be used to increase the speed and kinetic energy of charged
particles. This principle is the basis of a linear particle accelerator.

The world’s longest linear accelerator is at Stanford University in California. It is
3.2 km long and can accelerate electrons to energies of 50 billion electron volts.

Figure 4.13 shows two metal plates with a small hole cut in the
middle of each plate. The plates have been connected to a DC
power supply. In the hole of the negative plate is a filament of wire,
like the filament in an incandescent light globe, connected to a low
voltage. When the current flows in this circuit, the filament glows
red hot. The electrons are, in a sense, ‘boiling at the surface’ of
the filament. The electric field can easily pull the electrons off the
surface of the filament.

The hole in the positive plate is in a direct line with the filament, so
as the electrons are accelerated across the space between the plates,
they go straight through the hole to the next part of the machine.
This design is called an electron gun. It produces the electrons
required for many devices, such as for a synchrotron.

FIGURE 4.13 The electrons on the hot
filament are attracted across to the
positive plate and pass through the hole
that is in line with the beam.

SAMPLE PROBLEM 7 Calculations involving an electron field acting as a particle
accelerator

tlvd-8986

An electron is accelerated from one plate to another. The electrical potential difference between the
plates is 100 V.
a. How much energy does the electron gain as it moves from the negative plate to the positive plate?
b. How fast will the electron be travelling when it hits the positive plate, if it left the negative plate

with a speed of 0 m s−1?
mass of electron = 9.1 × 10−31 kg; charge on electron = 1.6 × 10−19 C.

THINK WRITE

a. The change in kinetic energy can be found
by the work done by the electric field:ΔEk=W= qV

where q = 1.6 × 10−19 C and V = 100 V.

a. ΔEk = qV= 1.6× 10−19 × 100= 1.6× 10−17 J

b. The electron began with a speed of 0 m s−1,
so the final speed can be found from the final

kinetic energy, Ek= 1

2
mv2.

b. Ek = 1

2
mv2

1.6× 10−17 = 1

2
× 9.1× 10−31 × v2

v =√

2× 1.6× 10−17

9.1× 10−31= 5.9× 106 m s−1

Note that the final speed of the electron is
about 2% of the speed of light!
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PRACTICE PROBLEM 7

Repeat the calculation in sample problem 7 for an electrical potential difference across the plates of
1000 V.

SAMPLE PROBLEM 8 Calculating the acceleration and velocity of electrons in a cathode
ray tubetlvd-8987

The first televisions relied on cathode ray tube technology. In a cathode ray tube, electrons are emitted
from a metal cathode, accelerated and then passed between parallel plates that allow the electron
beam to be deflected horizontally and vertically by the television signal, striking the screen in different
places with different intensities, creating an image.
The following diagram shows the trajectory of a particular electron, of charge −1.6× 10−19 C and
mass 9.1× 10−31 kg, with an initial horizontal velocity v as it passes between horizontal charged
parallel plates:

Electron beam passing between parallel plates

25 cm

–

+ + + + + + +

– – – – – –

e–

v

The electric field strength is 104 Vm−1 (or NC−1). The distance between the plates is 25.0 cm.
a. What is the magnitude and direction of the acceleration experienced by the electron?
b. What is the vertical velocity of the electron beam when it leaves the plates?
Note that the gravitational force on the electrons is negligible compared to the electric force and can
be ignored in this case.

THINK WRITE

a. Let’s take upwards as the positive direction.
Recall that the size of the force on the electron
in the field is given by F= qE, where E is the
electric field strength.

F = qE= −1.6× 10−19C× 104 NC−1= −1.6× 10−15 N
In the diagram above, the electrons (negatively
charged) are attracted to the positively charged
plate.
The electric force is in the downward direction.

The acceleration can be found by applying
Newton’s Second Law, F=ma.

a = F

m= −1.6× 10−15 N

9.1× 10−31 kg= 1.758× 1015 ms−2= −1.8× 1015 ms−2 to 2 s. f.
The acceleration is in the downward direction. Its
magnitude is 1.8× 1015 ms−2 to 2 s. f.
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b. The constant acceleration formulae can be used
to find other kinematic variables, such as the
change in vertical velocity.
The vertical displacement of the beam above is
half the distance separating the plates,
s=−12.5 cm.
The initial vertical velocity of the electrons
is 0m s−1.
Using v2= u2+ 2as, we can find the final vertical
velocity of the electrons.

v2= u2+ 2as

v2= 0+ 2× (−1.758× 1015 ms−2
)× (−0.125m)⇒ v= 2.1× 107 ms−1

The vertical velocity is downwards.
Its magnitude is 2.1× 107 ms−1.

PRACTICE PROBLEM 8

An electric field strength of 2.0× 106 NC−1 is used to accelerate electrons emitted from a cathode over
a distance of 25 mm.
a. Calculate the magnitude of the acceleration experienced by the electrons, ignoring the

gravitational force.
b. Estimate the magnitude of the average final velocity of the electrons, assuming that their initial

velocity is 0 m s–1 and ignoring relativistic effects.
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4.6 Quick quiz 4.6 Exercise 4.6 Exam questions

4.6 Exercise

1. The electric field strength between two oppositely charged conducting plates is 15.0Vm−1. If the electrical
potential difference across the plates is 100V, determine the distance d between the plates. Give your
answer to 2 significant figures.

2. Two metal plates, X and Y, are set up 20 cm apart. The X plate is connected to the positive terminal of a
120-V battery and the Y plate is connected to the negative terminal. A small positively charged sphere is
midway between the plates and it experiences a force of 4.0×10−3 N.
a. If it was placed 7.5 cm from plate X, what would be the magnitude of the force on the sphere?
b. The sphere is placed back in the middle and the plates are moved closer so that the distance between

them is now 15cm. What is the magnitude of the electric force now? Give your answer to 2 significant
figures.

c. The plates are moved apart so that the distance between them is 20 cm once again, but the battery is
changed. With the new battery, the magnitude of the force is now 6.0×10−3 N. What is the voltage of the
new battery? Give your answer to 3 significant figures.
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3. The electric field strength between two oppositely charged conducting plates 15mm apart is 200NC−1. Give
your answer to 2 significant figures. Calculate the work done by the electric field on a 2.0-nC charge as it
moves from one plate to the other.

4. A 10-nC charge travels 1.0 cm parallel to a 300Vm−1 electric field. Calculate the change in kinetic energy of
the 10-nC charge. Give your answer to 2 significant figures.

5. Murali finds that, in dry weather, the rubbing of his clothes when walking causes static electricity to build up.
When he goes to touch a metal door handle, he observes a brief spark and feels a small, sharp shock. The
discharging occurs when the electric field strength between himself and the door handle exceeds
3.0×106 Vm−1. His finger is 5.0mm from the door handle when the discharge occurs. Calculate the electrical
potential difference between himself and the door handle. Give your answer to 2 significant figures.

6. Two oppositely charged conducting plates have an electrical potential difference of 1000V. An electron is
accelerated from the negative plate to the positive plate.
a. Determine the electrical potential energy EPE of the electron at the following points:

Give your answer to 2 significant figures.

Position of the electron EPE (J)

i. at the negative plate

ii. halfway between the plates

iii. at the positive plate

b. Determine the change in kinetic energy, in eV, of the electron at the following points:

Position of the electron ∆Ek (eV)

i. halfway between the plates

ii. at the positive plate

7. Jacinta applies a uniform electric field to slow down over-energetic electrons. She wants to reduce the
kinetic energy of the electrons from 1000 eV to 100 eV as they pass between a pair of parallel plates. The
spacing of the plates is 1.0 cm. Calculate what the electric field strength should be between the plates. Give
your answer to 2 significant figures.

8. Electrons from a hot filament are emitted into the space between two parallel plates, as shown in the
following diagram, and are accelerated across the space between them.

6 V

100 V

a. Which battery supplies the field to accelerate the electrons?
b. How much energy would be gained by an electron in crossing the space between the plates? Give your

answer to 2 significant figures.
c. How would your answer to part b change if the plate separation was halved?
d. How would your answer to part b change if the terminals of the 6-V battery were reversed?
e. How would your answer to part b change if the terminals of the 100-V battery were reversed?
f. How would the size of the electric field between the plates, and thus the electric force on the electron,

change if the plate separation was halved?
g. Explain how your answers to parts c and f are connected.

9. A student wants to increase the energy of particles emitted from an electron gun that has a design essentially
the same as the diagram in question 8. He proposes to do this by doubling the strength of the electric field
through halving the separation between the charged conducting plates. Explain whether or not this change
will achieve the aim of increasing the energy of the emitted particles.
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10. MC A proton is placed between two conducting plates separated by 1 cm, with a potential difference of
500V across the plates. Which of the following statements are correct? (Select all that apply.)
A. The strength of the electric field varies from 50000Vm−1 to 0 Vm−1 between the plates.
B. The potential difference halfway between the plates is 250 V.
C. The proton is accelerated towards the plate at the lowest potential difference.
D. The field between the plates is uniform, so the particle moves with a constant speed.

4.6 Exam questions

Question 1 (4 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.1; © VCAA

A particle with mass m and charge q is accelerated from rest by a potential difference, V. The only force acting on
the particle is due to the electric field associated with this potential difference.

a. Show that the speed of the particle is given by v=√

2qV

m
and state the principle of physics used in your

answer. (2 marks)

b. Calculate the speed of an electron accelerated from rest by a potential difference of 200V. (2 marks)

Data

mass of the electron me=9.1×10−31 kg
magnitude of the charge of the electron e=1.6×10−19 C

Question 2 (3 marks)
Source: Adapted from VCE 2021 Physics Exam, NHT, Section B, Q.1a; © VCAA

An electron is accelerated from rest by a potential difference of V0. It emerges at a speed of 2.0×107ms−1 as
shown in Figure 2.

V0

electron
source

Figure 2

Data

mass of the electron me=9.1×10−31 kg
magnitude of the charge of the electron e=1.6×10−19 C

Calculate the value of the accelerating voltage, V0. Show your working.

Question 3 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.3; © VCAA

MC Two large charged plates with equal and opposite charges are placed close together, as shown in the
diagram below. A distance of 5.0mm separates the plates. The electric field between the plates is equal to
1000NC–1.

 

+

+

+

+

+

+
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–

–

–

–
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Which one of the following is closest to the voltage difference between the plates?
A. 5.0V
B. 200V
C. 5000V
D. 5000 000V

Question 4 (1 mark)
Source: VCE 2013 Physics Exam, Section B, DS4, Q.1; © VCAA

MC Figure 1 shows a simplified diagram of the electron gun in the Australian Synchrotron.

 

90 kV

filament

0.20 m

A B

Figure 1

The potential difference between the plates is equal to 90 kV and the separation of the plates is 0.20m.

Which one of the following best gives the magnitude of the force acting on electrons that enter the space
between the plates?
A. 7.2×1014 N
B. 7.2×1015 N
C. 4.5×10−4 N
D. 4.5×104 N

Question 5 (4 marks)
Source: Adapted from VCE 2017 Physics sample Exam, Section B, Q.2 a&b; © VCAA

Figure 1 shows part of a particle accelerator. Electrons are accelerated by a voltage of 10 000V in an electron gun
consisting of two plates that are 0.10m apart. Ignore relativistic effects.

10 000 V

plate plate

0.10 m

Figure 1

Data

mass of the electron me=9.1×10−31 kg
charge of the electron e=1.6×10−19 C

a. Calculate the strength of the electric field between the plates. (2 marks)
b. Calculate the speed of the electrons as they exit the electron gun. (2 marks)

More exam questions are available in your learnON title.
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4.7.1 Topic summary
Charges can be

positive or negative

Coulomb’s Law: magnitude of electric 

 force on a charge  q
1
 at a distance r from 

 another charge q
2
 is

kq
1
q

2
F =

r2

qV
a = = constant

dm

kQ

r2

Electric field strength E at distance 

r from a point charge Q is E =

Direction of F
on q by Q

 depends on 

nature of charges

Like charges repel,

unlike charges attract

Electric fields

and their

applications

Electric fields from more

than one point-like charge

The electric field from a monopole or

point charge q can be attractive or

repulsive, depending on whether the

source charge is negative or positive

The electric field from a point charge

q is non-uniform and static

In an electric field diagram, the direction 

of the field lines is the direction in which

a positive charge would experience

the electric force, F = qE

Electric field lines are directed

away from positively charged

sources, and towards

negatively charged sources

Multiple charges:

ET = E1 + E2 +...+ En

The field from two monopoles of opposite

charge is called an electric dipole field.

A dipole field is non-uniform.

V
E =

d

Electric field is constant everywhere

between oppositely charged plates:

Gravitational force is negligible

Charges placed between the plates

experience constant acceleration

Linear accelerator: work done by electric

field increases kinetic energy of charges.

1
qV = mv2

2
Conservation of energy:

Work done W = qV

The field model for

point-like charges

Coulomb's Law and

electric force

Uniform electric fields

Energy and motion of

charges in electric fields

and the linear accelerator

V = √2qV

m
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4.7.2 Key ideas summary

4.7.3 Key terms glossary

Resources

Solutions Solutions — Topic 4 (sol-0818)

Practical investigation eLogbook Practical investigation eLogbook — Topic 4 (elog-1635)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 4 (doc-37171)
Key ideas summary — Topic 4 (doc-37172)

Exam question booklet Exam question booklet — Topic 4 (eqb-0101)
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4.7 Review questions
1. Calculate the magnitude of the force of repulsion between two point charges with charges of 5.0 μC and

7.0 μC if they are 20 cm apart. Give your answer to 2 significant figures.

2. An electric force of 3.0N acts downwards on a charge of −1.5 μC.

a. Calculate the strength of the electric field to 2 significant figures.
b. Determine the direction of the electric field.

3. Calculate the strength of the electric field 1.0mm from a proton. Give your answer to 2 significant figures.

4. If the magnitude of the force between two charges separated by a distance r is 400mN, express as a function
of r how far apart the charges would need to be moved for the magnitude of the force between them to
become 50mN.

5. A particle acquires a 15.0-nC charge.

a. Sketch the electric field due to the 15.0-nC charge.

A second particle with a charge of –10.0 nC is placed 2.0 cm to the right of the 15.0-nC charge.

b. Calculate the magnitude of the force on the −10.0-nC charge due to the +15.0-nC charge. Give your
answer to 2 significant figures.

c. Is there any point at which the combined electric field from the two charges will have a value of zero?
Explain your response without using calculations.

6. Sketch the electric field around a proton and an electron separated by 0.1 nanometres.
+ –
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7. Answer the following:

a. Sketch the electric field around a positively charged straight plastic rod. Assume the charge is distributed
evenly.

+ ++

b. Sketch the electric field as if the rod had a curve in it.

+

c. If the plastic rod was bent into a closed circle, what would be the strength of the electric field in the
middle?

8. An electron is placed between two charged conducting plates separated by a distance of 10.0 cm as shown in
the following diagram. The electric field strength between the plates is 100NC−1.

a. Draw an arrow showing the direction of the force on an electron placed at point P, 2.5 cm above the
bottom plate.

P

+ + + + + + + + + + + + + + + +

b. Calculate the potential difference between the top and bottom plate.
c. Calculate the change in kinetic energy of the electron as it moves from point P to the top plate. Give your

answer to 2 significant figures.

9. An electron passes between two charged conducting plates separated by 3.0 cm, with a potential difference
of 2000V.

2000 V

e

a. What is the direction of the electric field between the plates?
b. Calculate the electric field strength between the plates. Give your answer to 2 significant figures.
c. Assuming that the initial speed of the electron, of mass 9.1× 10−31 kg, is 0m s−1, calculate how long it

takes the electron to pass from the first to the second plate. Give your answer to 2 significant figures.
(Consider the gravitational force to be negligible.)

d. What is the work done by the electric field on the electron as it passes from the first to the second plate?
Give your answer to 2 significant figures.

e. What is the kinetic energy change experienced by the electron? Give your answer to 2 significant figures.
f. What is the kinetic energy change experienced by the electron when it is halfway between the plates?
Give your answer to 2 significant figures.

g. What would be the effect of reversing the applied potential difference?
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10. A student wants to increase the energy of particles emitted from an electron gun that has a design essentially
the same as the diagram below. He proposes to do this by doubling the strength of the electric field through
halving the separation between the charged conducting plates. Explain whether or not this change will
achieve the aim of increasing the energy of the emitted particles.

2000 V

e

4.7 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 2022 Physics Exam, Section A, Q.4; © VCAA

Two point charges, Q and 4Q, are placed 12 cm apart, as shown in the diagram below.

 

Q 4Q

12 cm

On the straight line between the charges Q and 4Q, the electric field is

A. non-zero everywhere.

B. zero at a point 2.4 cm from Q.

C. zero at a point 3 cm from Q.

D. zero at a point 4 cm from Q.

Question 2

Source: VCE 2022, Physics Exam, NHT, Section A, Q.1; © VCAA

Two parallel plates are 10mm apart and have a potential difference of 5.0 kV between them.

Which one of the following best gives the strength of the electric field between the plates?

A. 5.0×10−1 Vm−1
B. 5.0×101 Vm−1
C. 5.0×102 Vm−1
D. 5.0×105 Vm−1
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Question 3

Source: VCE 2021 Physics Exam, Section A, Q.2; © VCAA

The diagram below shows the electric field lines between four charged spheres: P, Q, R and S.

The magnitude of the charge on each sphere is the same.

 

P

S

Q

R

Which of the following correctly identifies the type of charge (+ positive or − negative) that resides on each of the
spheres P, Q, R and S?

A. P Q R S
– + – +

B. P Q R S
+ – + –

C. P Q R S
– – + +

D. P Q R S
+ + – –

Question 4

Source: VCE 2021 Physics Exam, NHT, Section A, Q.2; © VCAA

Three charges, −Q, +2Q and +2Q, are placed at the vertices of an equilateral triangle, as shown in the diagram
below.

 

–Q

+2Q+2Q

Which one of the following arrows best represents the direction of the net force on the charge –Q?

A.

B.

C.

D.
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Question 5

Source: VCE 2019, Physics Exam, Section A, Q.2; © VCAA

The electric field between two parallel plates that are 1.0×10−2m apart is 2.0×10−4 NC−1.
Which one of the following is closest to the voltage between the plates?

A. 2.0×10−8 V
B. 2.0×10−6 V
C. 2.0×10−4 V
D. 1.0×10−2 V

Question 6

Source: VCE 2018, Physics Exam, Section A, Q.4; © VCAA

A small sphere has a charge of 2.0×10−6 C on it. Take k=8.99×109 Nm2 C−2.
The strength of the electric field due to this charge at a point 3.0m from the sphere is best given by

A. 2.0×10−3 Vm−1
B. 6.0×10−3 Vm−1
C. 9.0×10−3 Vm−1
D. 2.0×103 Vm−1

Question 7

Source: VCE 2016, Physics Exam, Section B, DS4, Q.2; © VCAA

In the electron gun of a synchrotron, electrons are accelerated from rest over a distance of 12 cm to reach a final
speed of 8.0×107ms−1.
What is the accelerating voltage of the electron gun in kilovolts? (Ignore any relativistic effects.)

A. 2.67 kV
B. 5.30 kV
C. 6.67 kV
D. 18.2 kV

Question 8

Source: VCE 2015 Physics Exam, Section B, DS4, Q.4; © VCAA

Electrons are accelerated from rest in an electron gun by a potential difference of 50 kV.

What is their final speed? (Ignore relativistic effects.)

A. 1.0×105ms−1
B. 4.7×107ms−1
C. 1.3×108ms−1
D. 2.9×108ms−1
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Question 9

Source: VCE 2013 Physics Exam, Section B, DS4, Q.2; © VCAA

Figure 1 shows a simplified diagram of the electron gun in the Australian Synchrotron.

 
90 kV

filament

0.20 m

A B

Figure 1

The potential difference between the plates is equal to 90 kV and the separation of the plates is 0.20m.

Which one of the following is closest to the kinetic energy of an electron that reaches the positive plate?

A. 90 kJ

B. 90 keV

C. 1.44×1015 kJ
D. 1.44×10−17 keV

Question 10

Which of the following diagrams correctly describes the electric field due to +1nC and −1nC charges separated
by 10 nm?

A.

+ –

B.

–+

C.

–+

D.

+–
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Section B — Short answer questions

Question 11 (3 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.1; © VCAA

A small sphere carrying a charge of −2.7µC is placed between charged parallel plates, as shown in Figure 1.
The potential difference between the plates is set at 15.5V, which just holds the sphere stationary. The electric
field between the plates is uniform.

–2.7 μC

Figure 1

a. In which direction (up, down, right, left) will the sphere move if the voltage is increased? (1 mark)

b. Calculate the value of the electric force that is holding the sphere stationary if the plates are 2.0mm apart.
Show your working. (2 marks)

Question 12 (2 marks)

Source: VCE 2019, Physics Exam, Section B, Q.2; © VCAA

Figure 2 shows two equal positive stationary point charges placed near each other.

 Figure 2

Sketch on Figure 2 the shape and direction of the electric field lines. Use at least eight field lines.

Question 13 (6 marks)

Source: VCE 2018 Physics Exam, NHT, Section B, Q.2; © VCAA

The electron gun section of a particle accelerator accelerates electrons between two plates that are 10 cm apart
and have a potential difference of 5000V between them.

Data

mass of electron 9.1×10−31 kg
charge of electron (−)1.6×10−19 C

a. Calculate the electric field between the plates. Include an appropriate unit. (2 marks)

b. Calculate the magnitude of the force on an electron between the plates. (2 marks)

c. Calculate the speed of the electrons as they exit the electron gun. Ignore any relativistic effects. Assume that
the initial speed of the electrons is zero. (2 marks)
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Question 14 (1 mark)

Source: Adapted from VCE 2017, Physics Exam, Section B, Q.1; © VCAA

Three charges are arranged in a line, as shown in Figure 1.

+3Q –2Q–2Q

X

Figure 1

Draw an arrow at point X to show the direction of the resultant electric field at X. If the resultant electric field is
zero, write the letter ‘N’ at X.

Question 15 (5 marks)

Source: VCE 2017, Physics Exam, Section B, Q.2; © VCAA

According to one model of the atom, the electron in the ground state of a hydrogen atom moves around the
stationary proton in a circular orbit with a radius of 53 pm (53×10−12m).

a. Show that the magnitude of the force acting between the proton and the electron at this separation is equal to
8.2×10−8 N. Take k=9.0×109 Nm2 C−2 and the magnitude of the electron and proton charges as
1.6×10−19 C. Show all the steps of your working. (2 marks)

b. Using 8.2×10−8 N as the value of the magnitude of the force given in part a, calculate the speed of the
electron in its circular path. Take the mass of the electron to be 9.1×10−31 kg. Show your working. (3 marks)
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AREA OF STUDY 2 HOW DO THINGS MOVE WITHOUT CONTACT?

5 Magnetic fields and their
applications

KEY KNOWLEDGE

In this topic, you will:
• describe magnetism using a field model
• investigate theoretically and practically magnetic fields, including directions and shapes of
fields, and attractive and repulsive fields

• investigate and apply theoretically and practically a vector model to magnetic phenomena,
including directions and shapes of fields produced by bar magnets

• investigate and apply theoretically and practically a vector field model to magnetic
phenomena, including shapes and directions of fields produced by current carrying wires,
loops and solenoids

• analyse the use of a magnetic field to change the path of a charged particle, including:
• the magnitude and direction of the force applied to an electron beam by a magnetic field:
F=qvB, in cases where the directions of v and B are perpendicular or parallel

• the radius of the path followed by an electron in a magnetic field: qvB= mv2

r
, where v≪ c

• investigate and analyse theoretically and practically the force on a current carrying conductor
due to an external magnetic field, F=nIlB, where the directions of I and B are either
perpendicular or parallel to each other

• investigate and analyse theoretically and practically the operation of simple DC motors
consisting of one coil, containing a number of loops of wire, which is free to rotate about an
axis in a uniform magnetic field and including the use of a split ring commutator

• investigate, qualitatively, the effect of current, external magnetic field and the number of
loops of wire on the torque of a simple motor

• model the acceleration of particles in a particle accelerator (limited to linear acceleration by a
uniform electric field and direction change by a uniform magnetic field)

• compare theoretically and practically gravitational, magnetic and electric fields, including
directions and shapes of fields, attractive and repulsive fields, and the existence of dipoles
and monopoles

• identify fields as static or changing, and as uniform or non-uniform.

Source: Adapted from VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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

FIGURE 5.1 It has been proposed that the
motion of the molten iron in Earth’s core is
what generates the magnetic field protecting
Earth from cosmic radiation and solar winds.

Magnetism has been known since the beginning of recorded
history. The ancient Athenians (600 BCE) observed that
a particular stone could attract pieces of iron. They called
this stone ‘magnet’ because it was found in an area that was
then called Magnesia. The tendency of freely spinning small
magnetic particles to always point in the same direction was
known by 800 CE and magnets became an essential tool for
navigation and exploration. Magnets were found to affect other
magnetic materials even when they were not touching each
other, leading Michael Faraday to suggest the concept of a
magnetic field. The magnetic field is a property of the space
around the magnet and causes a magnetic particle placed in the
field to experience a force. The discovery that moving electric
charges were also sources of magnetic fields revolutionised the
understanding of light and the relationship between electric
and magnetic fields. The interplay between charged particles
and magnetic fields underlies many important technologies
from the simple DC electric motor to analytical chemistry
tools such as the mass spectrometer.

LEARNING SEQUENCE

5.1 Overview ...............................................................................................................................................................................................236
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5.3 Magnetic fields from moving charged particles .....................................................................................................................244
5.4 Using magnetic fields to control charged particles, cyclotrons and mass spectrometers ....................................255
5.5 Magnetic forces on current-carrying wires ..............................................................................................................................268
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5.7 Similarities and differences between gravitational, electric and magnetic fields ......................................................283
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Resources

Solutions Solutions — Topic 5 (sol-0819)

Practical investigation eLogbook Practical investigation eLogbook — Topic 5 (elog-1636)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 5 (doc-37173)
Key ideas summary — Topic 5 (doc-37174)

Exam question booklet Exam question booklet — Topic 5 (eqb-0102)
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5.2 Magnets and magnetic fields

KEY KNOWLEDGE

• Describe magnetism using a field model
• Investigate theoretically and practically magnetic fields, including directions and shapes of fields, and
attractive and repulsive fields

• Investigate and apply theoretically and practically a vector model to magnetic phenomena, including
directions and shapes of fields produced by bar magnets

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

Like masses and charged particles, which can interact without contact through, respectively, the effect of
gravitational fields and electric fields, magnets can interact without contact through the effect of magnetic
fields.

magnet material or object
capable of producing a magnetic
field and attracting unlike poles
and repelling like poles

magnetic field vector field
describing the property of the
space in which a magnetic object
experiences a force

Unlike the gravitational force between masses, which is always attractive, the
direction of the forces between two magnets depends on the orientation of each
magnet and can be attractive or repulsive.

As observed by Peter Peregrinus in the thirteenth century, magnets have two ends,
named poles. A freely spinning magnet, such as the iron needle in a compass, will
orient itself with one end, the north pole, pointing towards geographic north and
the other, the south pole, towards geographic south.

FIGURE 5.2 A magnet will line up with a line from north to south if it is allowed to spin freely.

S

N

The molten iron in the centre of Earth behaves like a giant bar magnet, with a north pole and a south pole, and a
small compass magnet moves to align itself with Earth’s magnetic field.

FIGURE 5.3 The south end of the magnet points generally towards geographic south.

N

S

S

S

N

N

S

N

TOPIC 5 Magnetic fields and their applications 237



The poles of a magnet cannot be separated. Instead, breaking a magnet in half creates two new magnets, each
with a north (N) and south (S) pole. The like ends of two magnets repel each other and the unlike ends of two
magnets attract each other.

FIGURE 5.4 a. Like poles repel and b. unlike poles attract.

N

a.

b.

S N S

NS NS

5.2.1 Magnetic fields and forces
A magnetic particle placed in the space around a magnet experiences a force. The force is due to the magnetic
field from the magnet, which exists everywhere in the space around the magnet. Magnetic field lines have the
following characteristics:

• Magnetic field lines form continuous loops, leaving the north end of the magnet and entering the south end
of the magnet.

• Field lines do not intersect.
• The direction of the magnetic field at any point is along the tangent to the field line.
• The strength of the magnetic field is represented by the spacing of the field lines.
• In regions where the field lines are more closely spaced, the field is stronger. If the spacing of the field lines

remains constant, the field is uniform. If the spacing between the field lines changes, then the field is non-
uniform.

FIGURE 5.5 A magnet compass not only
aligns itself along a line from north to south, it
also dips downwards at an angle that varies with
latitude.

S

S

S

S

S
S S

N

N

S

N

N

N

N

N
N

S (mag)

N (mag)

FIGURE 5.6 The south-seeking end of the needle
points towards geographic south. But because
unlike ends attract, this end of Earth’s magnet
must be a magnetic north end.

N

S

South end of Earth’s

magnet

North end 

of Earth’s magnet

North

South
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5.2.2 Magnets of various shapes

bar magnet object with a
rectangular shape, generally
made up of iron or other
ferromagnetic substance,
showing permanent magnetic
properties

ferromagnetic property of
materials, such as iron, cobalt
and nickel, that can be easily
magnetised (act like a magnet)

magnetic induction process
by which a substance, such as
iron, becomes magnetised by a
magnetic field

A popular activity to visualise magnetic field lines is to sprinkle iron filings
around a bar magnet. The iron filings are ferromagnetic and align themselves
to the field around the magnet as shown in figure 5.7.

FIGURE 5.7 Using a bar magnet and iron filings is an easy way to
visualise magnetic field lines.

EXTENSION: Naturally occurring magnets

FIGURE 5.8 Lodestone attracting small bits
of iron

Magnetite is the most common iron oxide mineral. It has the
chemical formula Fe3O4. In appearance, it is black, metallic
(shiny) and quite hard. It is also a magnetic substance.
Lodestone, which comes from ‘leading stone’, is a naturally
occurring piece of magnetite that humans have used for at
least 2600 years.

But how do natural magnets form?

Ferromagnetic materials have magnetic domains, which are
regions within a material in which the magnetisation of its
atoms is in a uniform direction. Generally, magnetic domains
are oriented randomly, and there is no net magnetic field.
However, when a ferromagnetic material is placed within an
external magnetic field, its domain will rotate and align with
that external field, creating a magnet.

When molten ferromagnetic materials in lava cool down, the magnetic domains within the material are aligned by
Earth’s magnetic field, which form natural permanent magnets.

You can experience something similar to this by rubbing a piece of iron along a magnet. This will align the
magnetic domains in your piece of iron, which has now become a magnet. The magnetic field from the magnet
has ‘magnetised’ the iron it was in contact with. This process is called magnetic induction.

Magnetic domains

In a piece of iron or other ferromagnetic material, groups of nearby atoms line up together throughout the metal
into regions called magnetic domains. When the iron is placed in a magnetic field, the domains that are already
lined up with the external field increase in size as other domains shrink.
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FIGURE 5.9 a. The magnetic fields of adjacent iron atoms align themselves in local areas called domains.
b. Domains in a piece of iron exposed to a magnetic field, acting to the right.

a.

b.

FIGURE 5.10 Magnetic field of
a bar magnet

N

S

The magnetic field of a bar magnet is sketched in figure 5.10. The field
lines are closest together at the ends of the magnet, where the field is
strongest. Further away, the spacing between the field lines increases,
indicating that the field is getting weaker. This is similar to what happens
with gravitational fields and electric fields, for which the field strength
decreases as the distance to the mass or charge source increases.

Observe that all the field lines leave the north end of the magnet and loop
around to return to the south end.

Magnets can be designed to produce fields of different shapes.
A horseshoe magnet (see figure 5.11a) produces a strong and fairly
uniform field between the ends.

Figure 5.11b shows a circular ring magnet, oriented south side up,
surrounding a cylindrical magnet oriented north side up. This produces
a radial field between the two magnets, pointing outwards all the way
around the circle. This design is used in loudspeakers.

FIGURE 5.11 Differently shaped magnetic fields can be created by arranging the north and south ends of the
magnet, as shown by a. a horseshoe magnet and b. a circular magnet.

a. b.

N

S

N S
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Some magnets have stronger fields than others. The strength of a magnetic field is measured in tesla (T). The
strength of Earth’s magnetic field at its surface is quite small, about 10−4 T or 0.1 mT (0.1 millitesla).

The strength of a typical school magnet is about 0.1 T. A fridge magnet is about 30 mT. The strongest permanent
magnetic fields typically produced have field strengths of about 1.0 T.

SAMPLE PROBLEM 1 Exploring the magnetic field around a bar magnet
tlvd-8988

Consider the following diagram of the magnetic field of
a bar magnet.
a. In what direction would the north end of a compass point if

placed at points X, Y and Z?
b. Rank the points in order of increasing field strength.

NS

Y

X

Z

THINK WRITE

a. Remember that the field lines indicate
the direction that a magnetic compass
would point.

a. At X, the field lines point away from the north pole of
the bar magnet, so a compass placed there would point
towards the right, away from the north pole.
At Y, the field lines point towards the left, so the
compass needle would point towards the left.
At Z, the field lines curve, so the compass would follow
the tangent to the curve and would point to the right at
an angle of approximately 45° upwards.

b. Remember that the density of the field
lines indicates the relative strength of
the field.

b. The field lines are most dense at X and least dense at Y,
so the points in order of increasing field strength would
be Y, Z, X.

PRACTICE PROBLEM 1

Consider the magnetic field of a horseshoe magnet.
a. In what direction would the north end of a compass point

if placed just to the left of the north pole?
b. In what direction would the north end of a compass point

if placed halfway between the north and south pole?
c. In which position would the field be strongest?

N S
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INVESTIGATION 5.1
elog-1944

tlvd-10602

Magnetic field mapping

AIM

To explore the magnetic fields of different arrangements of permanent magnets

Resources

Digital document Early ideas about magnetism (doc-39375)

5.2 Activities
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5.2 Quick quiz 5.2 Exercise 5.2 Exam questions

5.2 Exercise

1. How would you use a magnet to test whether a piece of metal was magnetic?
2. Why do both ends of a magnet attract an iron nail?
3. What is the polarity of Earth’s magnetic field at the magnetic pole in the southern hemisphere?
4. Draw the magnetic field lines for the following items:

a. a loudspeaker magnet
b. a horseshoe magnet.

b.a.

N

N

SN N

NS

5. How could naturally occurring magnets have been formed?
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5.2 Exam questions

Question 1 (1 mark)

Earth’s geomagnetic field can be modelled as a bar magnet. Using the field lines in the illustration, identify the
south (S) and north (N) poles.

Question 2 (1 mark)

MC Consider the magnetic field of a horseshoe magnet between the arms of the
magnet. What would be the orientation of a compass needle at point P?
A.

B.

C.

D.

N S
P

Question 3 (3 marks)

Consider two bar magnets placed as illustrated.

SS

a. Is the magnetic force between the magnets attractive or repulsive? (1 mark)
b. Draw the field lines between the poles. (2 marks)

Question 4 (1 mark)

MC Which of the following statements is incorrect?
A. Magnetic fields can attract or repel other magnets, depending on the type of magnet and nature of the field.
B. Magnetic fields can be uniform or non-uniform.
C. The source of a magnetic field can be a monopole.
D. Magnetic field lines must always form closed loops.
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Question 5 (3 marks)
Source: VCE 2021 Physics Exam, Section B, Q.1; © VCAA

Two identical bar magnets of the same magnetic field strength are arranged at right angles to each other and at
the same distance from point P, as shown in Figure 1.

S N

S

N

P

Figure 1

a. At point P on Figure 1, draw an arrow indicating the direction of the combined magnetic field of the two bar
magnets. (1 mark)

b. Calculate the magnitude of the combined magnetic field strength of the two bar magnets if each bar magnet
has a magnetic field strength of 10.0 mT at point P. The magnitude of the combined magnetic field strength is
B =_______T. (2 marks)

More exam questions are available in your learnON title.

5.3 Magnetic fields from moving charged particles

KEY KNOWLEDGE

• Investigate and apply theoretically and practically a vector field model to magnetic phenomena, including
shapes and directions of fields produced by current carrying wires, loops and solenoids

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

In 1820 Hans Christian Oersted demonstrated a connection between electricity and magnetism. He placed a wire
carrying a current over a magnetic compass and saw that the needle deflected. He then placed the wire under the
compass and the needle deflected in the opposite direction.

FIGURE 5.12 a. Switch open in circuit, and b. switch closed in circuit. To achieve maximum deflection, the wire
should be placed in line with the magnetic needle before the current is turned on.

a.

N

N

Wire b.

N

N

Wire
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The deflection of the compass needle is evidence that the current is a source of a magnetic field. The moving
charged particles, electrons, produce a magnetic field as they move along the wire. A compass can be used to
map the field around a current-carrying wire. The field is non-uniform, becoming weaker as the distance from
the wire increases.

Representing current and its magnetic field often requires a three-dimensional view. To achieve this on a flat
two-dimensional page, a convention is adopted.

The symbol of a circle with a dot in the middle is used to represent a magnetic field coming
out of a page. A circle with a diagonal cross is used to represent a magnetic field going into
the page.

Figure 5.13 shows the direction of the magnetic field from the perspective of observers A and B. The dot symbol
can be thought of as the point of an arrow coming towards the reader, while the cross symbol represents the
feathers of an arrow going away from the reader.

FIGURE 5.13 Magnetic fields going into the page (from B) and coming out of the page (from A)

From AFrom B

B A

Page

N S

5.3.1 Fields from a current-carrying wire
Oersted’s experiments show that the direction of the magnetic field around a current-carrying wire depends on
the direction of the current flow in the wire. The right-hand-grip rule relates the direction of the current flow to
the direction of the magnetic field from the wire.

The right-hand-grip rule: The wire carrying the current is gripped by the right hand, with
the thumb pointing in the direction that conventional current (the direction a positive charge
would move) flows. The fingers wrap around the wire in the direction of the magnetic field.
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FIGURE 5.14 The compasses around the
wire show a circular magnetic field.

N

N

I

I

N

FIGURE 5.15 If a person’s right hand holds the
wire with the thumb pointing in the direction of the
conventional current, the fingers curl around the wire
in the direction of the magnetic field.

I

SAMPLE PROBLEM 2 Using the right-hand-grip rule to determine the direction of a
magnetic fieldtlvd-8989

Use the right-hand-grip rule to determine the direction of the magnetic field at point P in the
following diagrams.

a. b.

PI
I P

THINK WRITE

Point your thumb in the direction of the current
so that the curl of your fingers shows the
direction of the field.

a. The current points upwards, so, by applying the
right-hand-grip rule, the magnetic field circulates
around the wire pointing into the page at P.

b. The current points downwards, so, by applying the
right-hand-grip rule, the magnetic field circulates
around the wire, pointing out of the page at P.

PRACTICE PROBLEM 2

Use the right-hand-grip rule to determine the direction of the magnetic field at point Z in the
following diagrams.

a.

Z

I

b.

Z

Current into

page
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5.3.2 Fields from current-carrying loops and solenoids

solenoid coil of wire wound into a
cylindrical shape

Applying the right-hand-grip rule to a loop of wire shows that the magnetic field
enters at one side of the loop and exits from the other side, all the way around the
loop. Joining loops together results in a solenoid. The magnetic fields from each
loop add together to produce a stronger magnetic field.

If the loops are very close together, the field lines within the coil are parallel to the axis of the coil. Inside the
coil, the field is approximately uniform. The field lines then emerge from one end of the solenoid, curve around
and enter the other end of the solenoid, completing the path for the field lines. The shape of this field is similar
to that of a bar magnet and is non-uniform. The ends of the solenoid can be labelled north and south. The field
emerges from the north end.

FIGURE 5.16 Applying the right-hand-grip rule to each part of the loop reveals that, at all points of the loop, the
magnetic field is curving in the same direction.

I

I

I

I

The direction of current flow in a loop can be described using words such as ‘clockwise’ and ‘anticlockwise’.
If you use these words, you also need to describe the direction that you are looking in. Looking through the
solenoid from the north end, the current in the loop flows anticlockwise. However, as shown in figure 5.17, if
you are looking at the solenoid from the south end, the current in the loop flows clockwise.

FIGURE 5.17 Using the right-hand-grip rule with a solenoid

A B

From A From B

I I
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SAMPLE PROBLEM 3 Drawing magnetic field lines around a solenoid
tlvd-8990

The following solenoid has a current passing through it in the direction shown. Draw five field lines
representing the resultant magnetic field.

THINK WRITE

Use the right-hand-grip rule. Applying the right-hand-grip rule, you can see that the magnetic
field passes through the centre of the coil from right to left. Because
magnetic field lines must form closed loops, the field outside the
coil is in the opposite direction. Inside the coil, the magnetic field
is approximately uniform. Outside the coil, the strength of the
magnetic field decreases away from the coil.

PRACTICE PROBLEM 3

Consider the magnetic field of the solenoid in sample problem 3. How would the field change if the
direction of the current in the solenoid were reversed?

Creating an electromagnet

electromagnet temporary magnet
produced in the presence of a
current-carrying wire

In 1823, an English electrical engineer, William Sturgeon, found that when he placed
an iron rod inside a solenoid, it greatly increased the strength of the magnetic field of
the device to the point where it could support more than its own weight. Sturgeon had
invented the electromagnet. He ultimately built a 200-g electromagnet with 18 turns
of copper wire that was able to hold 4 kg of iron with current supplied by one battery.
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FIGURE 5.18 Car parts being lifted by an electromagnet in a
car wrecking yard

By placing an iron core inside a solenoid,
Sturgeon had made a magnet that could be
turned on and off at the flick of a switch, and
made stronger by increasing the current. His
invention has many applications. In a wrecking
yard, for example, electromagnets are used
to separate metals containing iron from other
metals.

The difficulty with using iron in an
electromagnet is that when the current is turned
off, the iron loses its magnetism. However,
by adding carbon to the iron to produce an
alloy, the magnetism is not lost when the
current is turned off — a permanent magnet
has been made. Stronger and more long-lasting
magnets are made with different combinations
of elements. The common ‘alnico’ magnets
in schools are made from iron (54%), nickel
(18%), cobalt (12%), aluminium (10%) and copper (6%).

EXTENSION: Explaining magnetism in atoms

The solenoid provides a model for the magnetism in a magnet and the iron rod. The shapes of the magnetic fields
around a solenoid and of a magnet are identical. The magnetic field of the solenoid is produced by a current
travelling in a circle, and the magnetic field is at right angles to the plane of the circle.

If electrons are visualised as orbiting the nucleus, then, like electrons in a current-carrying loop, they produce a
magnetic field. In most atoms, the paths of the electrons are randomly oriented, so their magnetic fields cancel
out. However, the paths of a few electrons in an iron atom always line up. These are shielded by outer electrons,
so they are not disturbed by other atoms. In this way, each iron atom can act as a little magnet.

When there is a current flowing through a solenoid with an iron core, the magnetic field lines up all the atoms in
the iron core so their magnetic fields all point in the same direction. This creates a very strong field. However,
when the current is turned off, the motion of the atoms rapidly produces a random rearrangement due to their
temperature.

In artificial magnets (e.g. fridge magnets), other elements are added to iron to hold the iron atoms in place while
they are lined up by another magnetic field so they stay lined up. This produces a permanent magnet. The crystal
structure of magnetite (or the iron oxide in the magnet) forces the iron atoms to stay lined up after the magnetite
is formed.

INVESTIGATION 5.2
elog-1945

tlvd-10603

Making an electromagnet

AIM

To investigate the properties of the magnetic field produced by a solenoid, in particular the dependence of the
magnitude and direction of the magnetic field on the current carried by the solenoid, the number of turns in the
solenoid and the presence of an iron core
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5.3.3 Combining magnetic fields
Like the gravitational field and electric field, the magnetic field is also a vector field. When more than one
magnetic source is present, the total magnetic field is the vector sum of the original fields. By drawing the
vectors of each of the original fields head to tail, the direction of the resultant field can be determined by
drawing a vector from the start of the first vector to the end of the second vector. Pythagoras’s theorem may be
used to determine the magnitude of this vector if a right-angled triangle is formed.

FIGURE 5.19 The magnetic field from two bar magnets

Magnetic field lines

S N

Two like poles together repel

Two unlike poles together attract

S S SN N N

The effect of the Earth’s magnetic field can be seen in the orientation of the compass needles in figure 5.21,
particularly in those to the left and right of the wire. The compass needles are not perfectly perpendicular to the
wire, but slightly tilted to the left-hand side of the page, indicating that the Earth’s magnetic field points towards
the left-hand side of the page in this experiment.

FIGURE 5.20 The magnetic field from a binary star
system in which each star has a magnetic field

FIGURE 5.21 Magnetic field measurements
around a current-carrying wire
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SAMPLE PROBLEM 4 Determining the strength and direction of the magnetic field around
a solenoid

tlvd-8991

The magnetic field at point X from the current-carrying solenoid shown in the following illustration is
25𝜇T. The Earth’s magnetic field is 25𝜇T.
a. What direction would a compass point if it were placed at point X?
b. Calculate the strength of the resultant magnetic field at X.

X

N

THINK WRITE

a. At point X, the compass would point along the
direction of the sum of the magnetic fields of the
solenoid and the Earth. The Earth’s magnetic field
is pointed up and, at point X, the magnetic field in
the solenoid is to the right.

a. The combined vector sum is

Btotal

BEarth

Bsolenoid

The diagram shows that the resultant
would point in a north-east direction.

b. The strength can be calculated using Pythagoras’s
theorem.

b. B =√

(

B2
solenoid+B2

Earth

)

=√

(252+ 252)𝜇T= 35𝜇T
PRACTICE PROBLEM 4

A neodymium iron boron magnet is placed 1.0 cm to the left of a magnetic probe (located at point X).
The field strength due to the magnet is 0.01 T. A second identical magnet is also placed 1.0 cm below a
magnetic probe, but at right angles to the first magnet.
a. What is the resultant strength of the magnetic field at point X?
b. What are the possible directions of the magnetic field at point X?
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EXTENSION: The curious case of the fridge magnets

You may have noticed that fridge magnets are magnetic on one side only, which seems to contradict our
understanding of magnetic field lines. This is because a fridge magnet is a composition of magnets arranged
in a Halbach array. The superposition of the Halbach array of alternating horizontal and vertical magnetic fields
results in a magnetic field on one side of the array only. During manufacture, a rubber sheet embedded with
ferromagnetic particles is exposed to an alternating magnetic field so that the sheet acquires a magnetic field that
alternates vertically and horizontally, as shown in figure 5.22. The resultant field is zero on one side of the sheet.

FIGURE 5.22 Fridge magnets arranged in a Halbach array

INVESTIGATION 5.3
elog-1946

Vector model of magnetic fields

AIM

To observe the effect of Earth’s magnetic field upon the magnetic field of a current-carrying wire

Resources

Video eLesson Magnetic fields (eles-3517)

Weblink Magnetic field around a wire applet
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5.3 Quick quiz 5.3 Exercise 5.3 Exam questions

5.3 Exercise

1. Use the right-hand-grip rule to determine the direction of the magnetic field at point X in the following
diagrams.

a.

X I

b.

X

I

c.

X

Current out 

of page
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2. Copy the following diagrams and use the right-hand-grip rule and the direction of the magnetic field at X to
determine the direction of the current in the wire in each case.

b.

X

I

c.

X

I

a.

X
I

d.

X I

e.

I

X

3. Use the right-hand-grip rule to determine the direction of the magnetic field at W, X, Y and Z in the following
diagrams. Figure (a) represents a circular loop of wire with a current and figure (b) represents a solenoid.

a.

X W

Y

Z

b.

W

Y

Z

X

4. When current is connected to a solenoid that is wrapped around two iron rods that have been placed in a line,
the two rods move apart. Explain why this happens.

5. In Oersted’s experiment, the compass needle initially points north–south. What would happen if the current in
the wire above the needle ran:
a. west–east
b. east–west?

5.3 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.1; © VCAA

MC A single loop of wire carries a current, I, as shown in the diagram below.

I

C

Which one of the following best describes the direction of the magnetic field at the centre of the circle, C, which
is produced by the current carrying wire?
A. to the left
B. to the right
C. into the page
D. out of the page
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Question 2 (1 mark)

Consider the loop of current-carrying wire represented with the direction of the magnetic field produced by the
current I. Represent the direction of the current.

I

I

Question 3 (2 marks)
Source: VCE 2015, Physics Exam, Section A, Q.15; © VCAA

The diagram below shows a solenoid.

Draw five lines with arrows to show the magnetic field of the solenoid.

Question 4 (1 mark)

MC Which of the following is incorrect?
A. The field lines outside a solenoid are similar to the field lines of a bar magnet.
B. The magnetic field inside a solenoid is approximately uniform.
C. The magnetic field outside a solenoid is approximately uniform.
D. The field lines inside a solenoid are parallel to the axis of the solenoid.

Question 5 (3 marks)

A student has come up with the following mnemonic illustration, using the direction of the current and the letter S
for south and N for north, to identify the nature of the face of a solenoid when looking at it.

I

I

Discuss whether this is a correct tool to identify the north and south face of a solenoid.

More exam questions are available in your learnON title.
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5.4 Using magnetic fields to control charged particles,
cyclotrons and mass spectrometers

KEY KNOWLEDGE

• Analyse the use of a uniform magnetic field to change the path of a charged particle, including:
• the magnitude and direction of the force applied to an electron beam by a magnetic field: F = qvB,
in cases where the directions of v and B are perpendicular or parallel

• the radius of the path followed by an electron in a magnetic field: qvB= mv2

r
where v≪ c

• Model the acceleration of particles in a particle accelerator (limited to linear acceleration by a uniform electric
field and direction change by a uniform magnetic field)

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

We have seen that moving charges produce magnetic fields. So, can moving charges be affected by other
magnetic fields? The answer is yes!

5.4.1 Forces on moving charges in magnetic fields
A charged particle moving in a magnetic field experiences a force that is at right angles to both its velocity and
the magnetic field. This behaviour was initially identified by J.J. Thomson in the late 1800s and described, using
an equation, by Hendrik Lorentz in 1895.

The magnitude of the magnetic force of a moving particle for a charge, q, moving with a velocity, v,
perpendicular to a magnetic field, B, is:

F= qvB

where: F is the magnitude of the force on the particle, in newtons (N)

q is the charge of the particle, in coulombs (C)

v is the component of the velocity of the particle that is perpendicular to the magnetic
field, in m s−1

B is the strength of the magnetic field, in tesla (T)

The direction of the force on the charged particle can be determined using a helpful hand rule. There are two
alternative hand rules commonly used: the right-hand-slap and left-hand rules. The rules apply both to moving
single positive charges and to currents. Either rule will give you the same result for the direction of the force, so
you can choose the one which works best for you. It is important to note that both the right-hand-slap and left-
hand rules assume a positive charge and positive current. If the particle has a negative charge, or the direction of
the current is reversed, then the direction of the force on the particle or current is reversed.
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Left-hand rule FIGURE 5.23 Left-hand rule for determining the
direction of the magnetic force of a magnetic field on a
current or moving positive charge

Force (F ) Magnetic field (B)

Current (I) or particle velocity (v)

The left-hand rule applies as follows:
• the index finger, pointing straight ahead,

represents the magnetic field (B)
• the middle finger, at right angles to the index

finger, represents the current (I) or particle
velocity (v) that is perpendicular to the
magnetic field

• the thumb, upright at right angles to both
fingers, represents the force (F).

Lock the three fingers in place so they are at right
angles to one another. Now rotate your hand so that
the field and current (or particle velocity) line up
with the directions in your problem. The thumb will
now point in the direction of the force.

Right-hand-slap rule

FIGURE 5.24 Right-hand-slap rule for determining the
direction of the magnetic force of a magnetic field on a
current or moving positive charge

Force (F )

(outwards

from palm)

Magnetic

field (B)

Current (I) or particle velocity (v)

The right-hand-slap rule applies as follows:
• the fingers (out straight) represent the magnetic

field (B)
• the thumb (out to the side of the hand)

represents the current (I) or particle velocity
(v) that is perpendicular to the magnetic field

• the palm of the hand represents the force (F).

Hold your hand flat with the fingers outstretched
and the thumb out to the side, at right angles to your
fingers. Now rotate your hand so that the field and
current or particle velocity line up with the direction
in your problem. The palm of your hand now gives
the direction of the force, hence the name.

5.4.2 Charged particle moving parallel to the magnetic field

left-hand rule rule used to
determine the direction of the
magnetic force of a magnetic field
on a current or moving positive
charge

right-hand-slap rule rule used
to determine the direction of the
magnetic force of a magnetic field
on a current or moving positive
charge

When the particle’s velocity is parallel to the magnetic field, the magnetic force (F)
is zero. Because there is no net force, the particle continues to move in a straight line
and the velocity will remain constant.

Imagine a magnetic field that is pointing out of the page. If we had an electron moving
either out of or into the page, this velocity would be parallel to the field. There would
be no force on the electron and it would not change its motion.
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These different scenarios can be summarised in table 5.1:

TABLE 5.1 Summarising the effect on charged particles with different velocities

v = 0

B

+q

If velocity is equal to 0, F = qvB is equal to 0.
Therefore the motionless charged particles in a
magnetic field experience no force.

v

� = 0

B

+q

If the velocity is parallel to the field lines, charged
particles in a magnetic field experience no force and
will continue moving at the same velocity.

�

B

v
+q

If velocity is perpendicular to the field lines (90°), then
there will be a force, the direction of which can be
determined by the left-hand or right-hand-slap rule.
This allows for the magnetic force to be at its maximal
value.

�

B

v

+q

If velocity is at an angle between 0 and 90°, there
will be a force that will be greater than 0 N, but less
than the force if the velocity was perpendicular to the
magnetic field.

SAMPLE PROBLEM 5 Calculating the magnitude and direction of a magnetic force
on an electron

tlvd-8992

An electron moving towards the right of the page at 1.5 × 105 m s−1 enters a uniform 0.060 T magnetic
field that is coming out of the page.
a. Calculate the magnitude of the magnetic force on the electron.
b. Determine the direction of the force on the electron.

THINK WRITE

a. Recall the formula F= qvB, where
q = –1.6 × 1019 C, v = 1.5 × 105 m s–1 and
B = 0.060 T (as we are being asked only for
magnitude of force here, vector notation is
not required for F).

a. F = qvB= −1.6× 10−19 × 1.5× 105 × 0.060= 1.4× 10−15 N
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b. Apply the right-hand-slap rule and reverse
the direction of the current, as the electron
has a negative charge. The electron moves
to the right of the page, so the conventional
current flows to the left of the page.

b. 1. v is to the left and will be along the thumb.
2. B is out of the page and follows the direction

of the fingers.
3. The force on the electron is in the direction of

the palm, namely pointing up the page.

PRACTICE PROBLEM 5

An alpha particle (charge +2e) moving towards the right of the page at 1.0 × 107 m s−1 enters a
uniform 0.060 T magnetic field pointing down the page.
a. Calculate the magnitude of the magnetic force on the alpha particle.
b. Determine the direction of the force.
c. Calculate the magnitude of the magnetic field on a positron (charge +e) moving up the page at

3.0 × 107 m s−1 in the same magnetic field.

Resources

Digital document Hand-rules (doc-18541)

5.4.3 Motion of charged particles in magnetic fields
We have seen that satellites move in circular orbits because they constantly experience a net force towards the
centre of their orbit that is perpendicular to their velocity. Similarly, the force on charged particles moving at
right angles to a magnetic field causes them to constantly change the direction of their motion so that they follow
a circular path perpendicular to the magnetic field.

The magnitude of the force on the moving charged particle due to the magnetic field is F= qvB. The magnetic
force is always at right angles to the direction of the charge’s motion, which means that the magnetic force
does no work on the charge and it cannot increase the speed of the charge — it can only change its direction at
a constant rate.

The mass spectrometer, the electron microscope and the synchrotron pass charged particles through a magnetic
field causing the charged particles to follow a circular path.

So what is the radius of the circle? How does it depend on the strength of the magnetic field, the speed of the
charge and size of the charge?

TABLE 5.2 Observations concerning the strength of magnetic fields, and speed and size of the charge

What is observed? What does the formula predict?
Do the observations match
the formula’s prediction?

If the charge is stationary, the current is
zero, so there is no force.

If v = 0, then F = 0. Yes

A stronger magnetic field will produce a
larger force and deflect the charge more.

Force is proportional to the field. Yes

The net force on the charged particle as it moves in the magnetic field is Fnet=ma. When the only significant
force is the magnetic force:

F = qvB⇒ qvB = ma
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The acceleration of an object moving in a circle is a= v2

r
, where r is the radius of the circular motion.

Combining this with the net force on the particle, we see that:

qvB= mv2

r

where: q is the charge on the particle, in C

v is the component of the velocity of the particle perpendicular to the magnetic
field, in m s−1

B is the strength of the magnetic field, in T

m is the mass of the particle, in kg

r is the radius of the path followed by the particle, in m

The expression for the radius is therefore:

r= mv

Bq

Does this relationship make sense?

TABLE 5.3 Observations concerning the radius of circular motion

What is observed? What does the formula predict?
Do the observations match
the formula’s prediction?

Hard to turn heavy objects The heavier the mass, the larger the
radius

Yes

Hard to turn fast objects The faster the object, the larger the radius Yes

The larger the force, the smaller
the radius

The stronger the field, the smaller the
radius; the larger the charge, the smaller
the radius

Yes

SAMPLE PROBLEM 6 Calculating the radius of the circular motion of charged particles in
a magnetic fieldtlvd-8993

An electron travelling at 5.9 × 106 m s−1 enters a magnetic field in a direction perpendicular to its
motion with a magnitude of 6.0 mT. What is the radius of its path in the magnetic field?

THINK WRITE

Recall the expression for the radius that comes
from equating the net force on objects moving in
a circle with the magnetic force. Recall the mass of
an electron is 9.1 × 10−31 kg and the charge of an
electron is 1.6 × 10−19 C.

r = mv

qB= 9.1× 10−31 × 5.9× 106

1.6× 10−19 × 6.0× 10−3= 5.6× 10−3 m
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PRACTICE PROBLEM 6

Calculate the speed of an electron moving perpendicular to a 3.0 mT magnetic field in a circle with
radius 1.0 mm.

EXTENSION: Aurorae

The aurorae at the North Pole and South Pole are glorious displays of waves of coloured light, high in the
atmosphere. They are produced when charged particles ejected by the Sun enter Earth’s magnetic field.

The particles spiral down to the poles, producing an amazing display of light as they move in smaller and smaller
circles from the increasing magnetic field, exciting mainly oxygen and nitrogen molecules in the atmosphere in
high-speed collisions.

FIGURE 5.25 Charged particles
entering Earth’s magnetic field

N

S

Charged 

particles

FIGURE 5.26 Aurora Australis, seen from the International
Space Station

INVESTIGATION 5.4
elog-1947

Electrons in a magnetic field

AIM

To use a cathode-ray oscilloscope (CRO) to display variations in voltage applied to the input terminals

Resourceseses
Resources

Interactivity Electrons in a magnetic field (int-0124)
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5.4.2 Controlling charged particle motion with magnetic fields
Magnetic fields can be used to control charged particles in a number of important applications.

The mass spectrometer is able to separate ions with different ratios of mass to charge because, as shown
previously, the radius of the trajectory of an ion passing through a magnetic field depends on the ratio of mass
to charge. The sample is initially vapourised and ionised, accelerated by an electric field and then passed through
a magnetic field, which deflects the ions. The radius of this deflection depends on the mass to charge ratio of the
particle being examined. The mass spectrometer is an essential analytical tool for determining the composition
of a chemical sample and is often used to determine the mass of various atomic particles, measuring the radius
of their deflection in a magnetic field.

FIGURE 5.27 A mass
spectrometer

FIGURE 5.28 Mass spectrometers deflect particles based
on their mass to charge ratios. When the magnetic field is
pointing into the page, lighter positive ions move through a
circle of smaller radius than heavier positive ions, causing
them to separate and to arrive at different points on the
detector.

Particles accelerated

into magnetic field
Magnet

Sample injected

Vapourising heater

Sample ionised

by electron beam

Beam of

charged

particles

Magnetic field

separation

In the electron microscope, magnetic fields focus the electron beam after it is scattered from a sample, in the
same way that optical lenses focus the light scattered from a sample under an ordinary microscope.

FIGURE 5.29 Electron microscopes use magnetic fields to focus the electron beam, after it is scattered when
passing through a specimen, allowing an image to be observed.

a. b.

Projector

lens

Image

Specimen
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5.4.3 Combining electric and magnetic fields
Many devices relies on combining magnetic and electric fields to achieve their function. Examples are given in
Table 5.4.

TABLE 5.4 Devices that use electric fields and magnetic fields

Device Operation Purpose

Mass spectrometer Accelerates positive ions of different mass,
using an electric field. Uses a magnetic field
to cause ions of different masses to deflect by
different amounts.

To measure the abundance of
different elements and isotopes in
a sample

Electron microscope Accelerates electrons, which are scattered by
a sample and then passed through electric
and magnetic lenses to form an image of the
sample.

To use an electron beam to examine
very small objects

Synchrotron Accelerates electrons, using an electric field,
close to the speed of light, then feeds them
into a storage ring. Magnetic fields make
the electrons move in a circular path. As the
electrons are accelerated around the loop,
they emit electromagnetic radiation. The
wavelength of the radiation depends on the
speed of the electrons.

To produce intense and very narrow
beams of mainly X-rays to examine
the fine structure of substances such
as proteins

Large Hadron Collider Accelerates protons or lead ions close to the
speed of light, then lets them collide, using
electromagnets.

To test the predictions of theories
of particle physics, for example, the
existence of the Higgs boson

In synchrotrons, mass spectrometers and electron microscopes, magnetic fields cause charged particles to move
along curved paths. The radius of the path, and therefore where the particle ends up, depends on the particle
velocity, so it can be important to filter out particles that are not moving with the desired velocity.

At the Australian Synchrotron, electrons are first accelerated by an electric field and injected at high speeds
(0.999997c) into a booster ring. In the booster ring, a combination of increasing electric and magnetic fields
is used to further accelerate the electrons, increasing their kinetic energy by a factor of thirty. The electrons
are then passed to the storage ring, which uses magnetic fields to keep the electrons moving around a circle.
The accelerated electrons emit high intensity, coherent, and polarized electromagnetic radiation, which is used
for experiments and imaging. The wavelength of the electromagnetic radiation is controlled by the amount of
bending by the storage ring magnets and can vary from infrared to high energy x-rays.

FIGURE 5.30 A Wien filter (also known as a velocity selector)
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Wien filter device that can be
used as a velocity filter using
a magnetic field to deflect the
beam of charged particles in one
direction, and an electric field to
deflect the beam in the opposite
direction

In 1898, Wilhelm Wien (after whom Wien’s Law in thermodynamics is named)
was investigating the charged particles that are produced when electricity is
passed through gases. To investigate their speed and their charge, he set up a
magnetic field to deflect the beam of charged particles in one direction, and
an electric field to deflect the beam in the opposite direction. For the charged
particles that were undeflected, the magnetic force must have been balanced by
the electric force. This configuration is now called a Wien filter.

The electric force on a charge in an electric field is F= qE, and the magnetic force on a moving charge is
F= qvB. If the magnetic and electric forces are balanced, then:

qE= qvB

and cancelling q gives:

v= E

B

where: v is the velocity of an undeflected particle, in m s–1

E is the strength of the electric field, in N C–1

B is the strength of the magnetic field, in T

velocity selector device that can
be used as a velocity filter using
a magnetic field to deflect the
beam of charged particles in one
direction, and an electric field to
deflect the beam in the opposite
direction

This formula implies that by controlling the strength of the magnetic and electric
fields, one can choose which particles will be undeflected by the fields. Particles
travelling faster or slower than the undeflected particles will be deflected out
of the beam. This means that a Wien filter can essentially be used to filter out
particles that are travelling faster or slower than a desired velocity and select only
those particles travelling at the desired velocity. For this reason, a Wien filter is
often referred to as a velocity selector.

SAMPLE PROBLEM 7 Calculating the velocity of an electron travelling through
a Wien filter

tlvd-8996

An electron travels undeflected through a Wien filter, where the magnetic field is 0.0030 T. The
electric field strength is 500 N C–1. Calculate the velocity of the electron.

THINK WRITE

For the undeflected electron, the magnetic and electric

forces are balanced. Use the formula v = E

B
to calculate

the velocity of an electron.

v = 500

0.0030= 1.7× 105 m s−1

PRACTICE PROBLEM 7

An electron beam requires electrons moving at 6 × 106 m s−1. A Wien filter, or velocity selector, is set
up with a magnetic field of 0.02 T. How large must the electric field be to select electrons travelling at
6 × 106 m s−1?
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5.4 Exercise

1. A proton travelling vertically at 3.0 × 105 m s−1 enters a uniform horizontal magnetic field with a field strength
of 4.0 mT. Calculate the magnitude of the force experienced by the proton.

2. An alpha particle enters a uniform magnetic field of
4.0 mT with a speed of 1.5 × 107 m s−1 as shown in the
diagram.
a. Calculate the force on the alpha particle.
b. Describe the trajectory of the alpha particle as it

passes through the magnetic field.
+2e

v = 1.5 × 107 m s–1

B = 4.0 mT

3. An electron travelling east at 1.2 × 105 m s−1 enters a region of uniform magnetic field of strength 2.4 T
pointing north.
a. Calculate the magnitude of the magnetic force acting on the electron.
b. Describe the path taken by the electron, giving a reason for your answer.
c. Calculate the magnitude of the acceleration of the electron.

4. In the diagram, a tauon (tau particle) enters the magnetic field
from the left and executes the trajectory shown.
a. Does the tauon carry a positive or negative charge? Give

reasons for your choice.
b. The tauon exits the magnetic field at the point shown.

Describe its trajectory after it leaves the field.
5. Determine the direction of the magnetic force in the following

situations, using your preferred hand rule. Use the following
terminology in your answers: up the page, down the page, left,
right, into the page, out of the page.

× × × × × × ×

× × × × × × ×

× × × × × × ×

× × × × × × ×

× × × × × × ×

a. Magnetic field into the page, electron entering from left

X X X

X X X

X X X

b. Magnetic field down the page, electron entering from left

N

S
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c. Magnetic field out of the page, proton entering obliquely from left

6. How could a moving electron remain undeflected in a magnetic field?
7. An ion beam consisting of three different types of charged particles is directed eastwards into a region

having a uniform magnetic field, B, directed out of the page. The particles making up the beam are (i) an
electron, (ii) a proton and (iii) a helium nucleus or alpha particle. Copy the following diagram and draw the
paths that the electron, proton and helium nucleus could take.

Ion beam

B

8. Calculate the radius of curvature of the following particles travelling at 10% of the speed of light in a
magnetic field of 4.0 T.
a. an electron
b. a proton
c. a helium nucleus.

9. Explain how magnetic fields are used in the functioning of mass spectrometers.
10. A positron enters the magnetic field shown here, with a velocity in the direction indicated.

B = 4.0 mT

+e

Describe the trajectory of the positron as it traverses the magnetic field.
11. An electron beam requires electrons moving at 8.0 × 106 m s−1. A velocity selector is set up with an electric

field of 5000 V m−1. How large must the magnetic field be in order to select electrons travelling at
8.0 × 106 m s−1 perpendicular to the field?

12. In a mass spectrometer, the sample is vapourised and ionised, resulting in ions with a random distribution of
velocities that are accelerated by a uniform electric field. The ions are then passed through a velocity
selector with a magnetic field strength of 500 mT and an electric field provided by an electrical potential
difference of 1000 V across conducting plates separated by 1.5 mm. Calculate the velocity of ions that pass
through undeflected.
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5.4 Exam questions

Question 1 (3 marks)
Source: Adapted from VCE 2022 Physics Exam, Section B, Q.3d; © VCAA

A schematic diagram of a mass spectrometer that is used to deflect charged particles to determine their mass is
shown in Figure 3. Positive singly charged ions (with a charge of +1.6 × 10–19 C and a mass of 4.80 × 10–27 kg)
are produced at the ion source. These are accelerated between an anode and a cathode. The potential difference
between the anode and the cathode is 1500 V. The ions pass into a region of uniform magnetic field, B, and are
directed by the field into a semicircular path of diameter D.

Figure 3

1500 V

D

positive

ion

source

region of uniform

magnetic field, B
anode cathode

The region of uniform magnetic field, B, in figure 3 has a magnitude of 0.10T. If each ion has a speed of
3.16×105ms−1 when it exits the cathode, calculate the diameter, D, of the semicircular path followed by ions
within the magnetic field in figure 3.

Question 2 (4 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.3; © VCAA

A positron and an electron are fired one at a time into a strong uniform magnetic field in an evacuated chamber.
They are fired at the same speed but from opposite sides of the chamber. Their initial velocities are initially
perpendicular to the magnetic field and opposite in direction to each other, as shown in Figure 1. A positron has
the same mass as an electron (9.1 × 10–31 kg) and has the same magnitude of electric charge as an electron
(–1.6 × 10–19 C) but is positively charged (+1.6 × 10–19 C).

On Figure 1, sketch and label the respective paths that the positron and the electron will take while in the uniform
magnetic field.

positron electron

Figure 1
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Question 3 (1 mark)
Source: VCE 2022 Physics Exam, NHT, Section A, Q.2; © VCAA

MC A loudspeaker consists of a current carrying coil within a radial magnetic field, as shown in the diagram
below. The direction of the current in the coil is also shown.

current carrying coil

S

S

S

S

N

Which one of the following best describes the direction of the force on the coil?
A. out of the page
B. down the page
C. into the page
D. up the page

Question 4 (3 marks)
Source: VCE 2019, Physics Exam, Section B, Q.1; © VCAA

A particle of mass m and charge q travelling at velocity v enters a uniform magnetic field B, as shown in Figure 1.

particle

Figure 1

B
v

a. Is the charge q positive or negative? Give a reason for your answer. (1 mark)
b. Explain why the path of the particle is an arc of a circle while the particle is in the magnetic field. (2 marks)

Question 5 (2 marks)
Source: Adapted from VCE 2018, Physics Exam, Section B, Q.1c; © VCAA

An electric field accelerates a proton between two plates. The proton exits into a region of uniform magnetic field
at right angles to its path, directed out of the page, as shown in Figure 1.

Data

mass of proton 1.7 × 10–27 kg

charge on proton +1.6 × 10–19 C

accelerating voltage 10 kV

distance between plates 20 cm

strength of magnetic field 2.0 × 10–2 T
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10 kV

proton source

20 cm

Figure 1

With a different accelerating voltage, the proton exits the electric field at a speed of 1.0×106ms−1.
Calculate the radius of the path of this proton in the magnetic field.

More exam questions are available in your learnON title.

5.5 Magnetic forces on current-carrying wires

KEY KNOWLEDGE

• Investigate and analyse theoretically and practically the force on a current-carrying conductor due to an
external magnetic field, F=nIlB, where the directions of I and B are either perpendicular or parallel to each
other

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

5.5.1 Current-carrying wire in a magnetic field
Once the technology of electromagnets was developed, very
strong magnetic fields could be achieved. This enabled the
reverse of Oersted’s discovery to be investigated: what is
the effect of a magnetic field on a current in a wire?

Observations of the force experienced by a wire carrying a
current in a magnetic field show that the force increases if

• the magnetic field increases
• the current in the wire increases
• the length of the wire increases
• there is more than one wire carrying current in the

same direction.

It is also observed that only the component of the magnetic
field perpendicular to the current causes there to be a force
on the wire.

FIGURE 5.31 The magnetic field exerts a
magnetic force on a current-carrying wire.

+ –

N

S

Force

Current
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F= nIlB

where: F is the force on the conductor perpendicular to the magnetic field, in N

n is the number of conductors (or loops)

I is the current in the conductor, in A

l is the length of the conductor, in m

B is the component of the magnetic field that is perpendicular to the current, in T

When the magnetic field is not perpendicular to the direction of the current, it is important to remember that the
force on the wire is less. In fact, if the magnetic field is parallel to the direction of the current, the force on the
wire is zero. That is because there is no component of magnetic field perpendicular to the current.

Note that the same result can also be obtained starting from Lorentz’s expression for the magnetic force on a
charged particle.

EXTENSION: Using Lorentz’s expression

The current, I, is the motion of charges along a length of wire, l. If a charge q travels a distance l in a time ∆t, then
the velocity of the charge is v= l∆t . Rewriting the force in terms of the current and length of wire, the following is

obtained:

F=qvB=q
l∆tB= q∆t lB= IlB

SAMPLE PROBLEM 8 Calculating the magnitude force on a current-carrying wire
tlvd-8994

If a straight wire of length 8.0 cm carries a current of 300 mA, calculate the magnitude of the force
acting on it when it is in a magnetic field of strength 0.25 T if:
a. the wire is at right angles to the field
b. the wire is parallel with the field.

THINK WRITE

a. Recall that F= nIlB and that B is the component of
the field that is perpendicular to the length of the
wire, l. Ensure your units are correct. In this case,
you need to convert mA to A and cm to m.

a. F = nIlB= 1× 300× 10−3 × 0.080× 0.25= 6.0× 10−3 N

b. The wire is parallel to the field so there is no
component of the field perpendicular to the wire.

b. The force on the wire is 0 N.

PRACTICE PROBLEM 8

a. Calculate the force on a 100-m length of wire carrying a current of 250 A when the strength of
Earth’s magnetic field at right angles to the wire is 5.00 × 10−5 T.

b. The force on a 10-cm wire carrying a current of 15 A when placed in a magnetic field
perpendicular to B has a maximum value of 3.5 N. What is the strength of the magnetic field?
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Forces between current-carrying parallel wires
Two current-carrying wires each have their own magnetic field, the direction of which is determined using the
right-hand grip rule. When these wires are brought together in close proximity and placed parallel to each other,
the wires are observed to either repel each other or be attracted to each other, depending on the direction of
current flow in each wire. This can be explained by understanding that each wire experiences a force on the
current that it is carrying due to the magnetic field that is being produced by the other wire. If the current in
the left-hand wire is up the page, the magnetic field experienced by the right-hand wire is into the page. If the
current in the right-hand wire is also up the page, then applying either the left-hand rule or right-hand-slap rule
shows that the magnetic force on the right-hand wire is towards the left-hand wire.

Similarly, the magnetic force on the left-hand wire due to the magnetic field from the right-hand wire acting on
the current in the left-hand wire is towards the right-hand wire. The two wires attract one another!

If, however, the current in the right-hand wire is down the page, then the right-hand wire experiences a magnetic
force away from the left-hand wire and the left-hand wire experiences a magnetic force away from the
right-hand wire. Hence, parallel wires carrying currents in opposite directions repel each other. The effects can
be observed in figure 5.32.

FIGURE 5.32 Magnetic fields interact between parallel wires, leading to either a. attraction when the current runs
in the same direction or b. repulsion when the current runs in opposite directions.
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INVESTIGATION 5.5
elog-1948

tlvd-10604

Measuring the force on a current-carrying wire in a magnetic field

AIM

To investigate the relationship F= IlB and determine strength of the magnetic field experienced by the wire loop

Resources

Interactivity Changing magnetic force (int-0115)

Weblink Lorentz force applet

5.5 Activities
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5.5 Quick quiz 5.5 Exercise 5.5 Exam questions

5.5 Exercise

1. Calculate the size of the force on a wire of length 0.05 m in a magnetic field of strength 0.30 T if the wire is at
right angles to the field and it carries a current of 4.5 A.

2. Calculate the size of the force on an 8.0-cm wire carrying a current of 1.8 A at an angle parallel to a magnetic
field with strength 40 mT.

3. Calculate the size of the force exerted on a loudspeaker coil of radius 1.5 cm and 500 turns that carries a
current of 15 mA in a radial magnetic field of 2.0 T. (Hint: Consider what aspect of the circle takes the place of
l in this question.)

4. Use the answer key provided to indicate the direction of the force of the magnetic field on the current-carrying
wire in the following diagrams (a) to (h).

N

S

W E

Into page

Answer key

Out of page
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5. Wires A and B are parallel to each other and carry current in the same direction.
a. Draw a diagram to represent this situation, and determine the direction of the magnetic field at B due to

wire A.
b. This magnetic force will act on the current in wire B. What is the direction of the force by wire A on wire B?
c. Now draw a diagram and determine the direction of the magnetic field at A due to wire B and the direction

of the force by wire B on wire A.
d. Is the answer to (c) what you expected? Why? (Hint: Consider Newton’s laws of motion.)

5.5 Exam questions

Question 1 (1 mark)
Source: VCE 2019 Physics Exam, NHT, Section A, Q.2; © VCAA

MC A powerline carries a current of 1000 A DC in the direction east to west. At the point of measurement,
Earth’s magnetic field is horizontally north and its strength is 5.0×10−5 T.
Which one of the following best gives the direction of the electromagnetic force on the powerline?
A. horizontally west
B. horizontally north
C. vertically upwards
D. vertically downwards

Question 2 (1 mark)
Source: VCE 2019 Physics Exam, NHT, Section A, Q.3; © VCAA

MC A powerline carries a current of 1000 A DC in the direction east to west. At the point of measurement,
Earth’s magnetic field is horizontally north and its strength is 5.0×10−5 T.
The magnitude of the force on each metre of the powerline is best given by
A. 5.0×103 N
B. 5.0×102 N
C. 5.0×10−2 N
D. 5.0×10−5 N

Question 3 (3 marks)
Source: Adapted from VCE 2019, Physics Exam, Section B, Q.3c&d; © VCAA

Figure 3 shows a schematic diagram of a DC motor. The motor has a coil, JKLM, consisting of 100 turns. The
permanent magnets provide a uniform magnetic field of 0.45T. The commutator connectors, X and Y, provide a
constant DC current, I, to the coil. The length of the side JK is 5.0 cm.

The current I flows in the direction shown in the diagram.

Figure 3

N

S

J

K

M

L

X

Y

I

5.0 cm

a. Draw an arrow on Figure 3 to indicate the direction of the magnetic force acting on the side JK. (1 mark)
b. A current of 6.0 A flows through the 100 turns of the coil JKLM.

The side JK is 5.0 cm in length.
Calculate the size of the magnetic force on the side JK in the orientation shown in Figure 3. Show your
working. (2 marks)
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Question 4 (4 marks)
Source: VCE 2016, Physics Exam, Section A, Q.13; © VCAA

A 3.0 m long, vertical, copper lightning conductor is located in a region where Earth’s magnetic field is horizontal
and pointing north. A current of 2000 A flows down the conductor to Earth during an electrical storm. Force
detectors measure a force on the lightning conductor of 0.32 N.
a. Calculate the magnitude of Earth’s magnetic field acting on the lightning conductor. (2 marks)
b. MC Which one of the following (A.–F.) is the best description of the direction of the magnetic force acting on

the lightning conductor? Explain your answer. (2 marks)
A. north
B. south
C. east
D. west
E. vertically up
F. vertically down

Question 5 (3 marks)
Source: VCE 2015, Physics Exam, Section A, Q.12.a; © VCAA

Students have a model that can be used as a motor or generator, depending on the connections used.

The magnets provide a uniform magnetic field of 2.0×10−3 tesla.
EFGH is a square coil of each side length 4.0 cm with 10 turns.

A 6.0 V battery and an ammeter are connected to the shaft through a commutator.

This is shown in Figure 12.

A +

–

F G

E H

SN

6.0 V

Figure 12

The ammeter shows a current of 4.0 A.

With the coil horizontal as shown in Figure 12, what is the force on the side EF? Give the magnitude and direction
(up, down, left, right). Show your working.

More exam questions are available in your learnON title.
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5.6 Applying magnetic forces — the DC motor

KEY KNOWLEDGE

• Investigate and analyse theoretically and practically the operation of simple DC motors consisting of one coil,
containing a number of loops of wire, which is free to rotate about an axis in a uniform magnetic field and
including the use of a split ring commutator

• Investigate, qualitatively, the effect of current, external magnetic field and the number of loops of wire on the
torque of a simple motor

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

5.6.1 The DC motor

armature frame around which
a coil of wire is wound, which
rotates in a motor’s magnetic field

An electric motor is a device that transforms electrical
potential energy into rotational kinetic energy. A DC motor
uses the current from a battery flowing through a coil in a
magnetic field to produce continuous rotation of a shaft. The
coil carries a direct current. Figure 5.33 shows a simplified
example of a DC motor, with the coil illustrated by a single
rectangular loop of wire. The straight sides make it easier
to visualise how forces on the sides come about. The coil
is usually wound around a frame known as an armature,
which is made of ferromagnetic material and can rotate on
an axle. The armature and coil together are known as the
rotor. How do forces allow the coil to rotate?

FIGURE 5.33 A simplified DC motor

F

Battery

Brushes

Split ring

commutator

Shaft F

I

I

N

S

1. In figure 5.34 when the coil is in position 1 with the coil
parallel to the magnetic field and the current flowing
A→B→C→D, there will be a downward force on side
AB and an upward force on side CD, causing the coil to
rotate.

FIGURE 5.34 Force on a coil in a DC motor
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D
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Current flow

2. As the coil rotates, as shown in position 2, the forces
remain unchanged in size and direction. This is because
the magnetic field and the current in the wire are still
the same size and in the same direction. However, the
turning effect or torque is greatest when the forces are
perpendicular to the plane of the loop. The forces are
no longer perpendicular to the plane of the loop, so the
turning effect is smaller.

F

F

Position 2

B

A

C

D S

Current flow

N
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3. When the coil reaches position 3, at right angles to the
magnetic field, the forces are still unchanged in size
and direction but, in this case, the forces are completely
parallel to the plane of the loop, so there is no turning
effect.

FIGURE 5.34 Force on a coil in a DC motor
(continued)
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4. Since the coil was already moving before it arrived
at position 3, the momentum of its rotation will carry
it beyond position 3 to position 4(a). In this position,
the current is still travelling in the same direction
A→B→C→D, so, in this position, there is still a
downward force on side AB and an upward force on side
CD acting to rotate the coil in the opposite direction, that
is, back to position 3.
If this was the design of a DC motor, the coil would turn
90° and then stop! If the coil was in position 3 when
the battery was first connected, the coil would not even
move.

Position 4(a)

S

F

F
C

B

D

A

Current flow

N

5. So, if the motor is to continue to turn, it needs to
be modified when the coil reaches position 3. If the
direction of the forces can be reversed at this point, as
shown in position 4(b), the forces will make the coil
continue to turn for another 180°. The forces need to be
reversed again at this point to complete the rotation, and
reversed every half turn when the coil is perpendicular
to the field. In order to reverse the direction of the forces
acting on the coil, the direction of the current through the
coil needs to be reversed.

F

F

Position 4(b)

S

C

B

D

A

Current flow

N

FIGURE 5.35 Commutator and coil from a
hair dryer

So, to keep the coil continuously rotating in the same
direction, the direction of the current through the loop needs
to be reversed.

This reversal is done with a split ring commutator. The
commutator consists of two semicircular pieces of metal
attached to the axle, with a small insulating space between
their ends. The ends of the coil are soldered to these metal
pieces.

Wires from the battery are attached to conducting brushes that
rest against the commutator pieces. As the axle turns, these
commutator pieces turn so that they are no longer in contact
with the brushes, stopping the flow of electrical current
through the coil. As the commutators continue to rotate, they again make contact
with the brushes, but are now in contact with the opposite brush, causing current
to flow through the coil in the opposite direction. This enables the current
through the coil to change direction every time the insulating spaces pass the brushes.

split ring commutator a device that
reverses the direction of the current
flowing through an electric circuit

brushes conductors that make
electrical contact with the moving
split ring commutator in a DC motor
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Brushes are often small carbon blocks that allow charge to flow and the axle to turn smoothly. The brushes are
often made of graphite, which conducts electricity and acts as a lubricant.

As an energy transfer device of some industrial significance, there are some important questions to be asked
about the design for a DC motor. Are there some starting positions of the coil that won’t produce rotation? How
can this be overcome? Can it run backwards and forwards? Can it run at different speeds?

INVESTIGATION 5.6
elog-1949

The motor effect

AIM

To observe the direction of the force on a current-carrying conductor in an external magnetic field

INVESTIGATION 5.7
elog-1950

tlvd-10605

Designing an electric DC motor

AIM

To construct a working electric motor and analyse and explain the physics principles behind its operation

Resources

Weblink DC motor applet

5.6.2 Torque

torque the turning effect of the
forces on the coil in an electric
motor

The turning effect of the forces on the coil in an electric motor is called a torque.
The magnitude of the torque on a coil is the product of the component of the force
perpendicular to the plane of the coil and the perpendicular distance between the
point of application of the force and the shaft or axle (the axis of rotation).

𝜏 = r⊥F
where: 𝜏 is the torque, in N m

r⊥ is the perpendicular distance between the point of application of the force and the
axis of rotation, in m

F is the component of the force perpendicular to the axis of rotation, in N

Consider the case of the coil in figure 5.34. The sides of the coil perpendicular to the magnetic field, sides AB
and CD, experience a force that is constant in size and magnitude no matter which position they are in; however,
only the component of this force that is perpendicular to the plane of the coil contributes to the torque. When the
coil is in the vertical position with its plane perpendicular to the field, the force on AB and CD is parallel to the
plane of the coil, so the component of the force perpendicular to the plane is zero and hence the torque on the
coil is zero. When the coil is parallel to the field, the force acting on AB and CD is perpendicular to the plane of
the coil, so the coil experiences maximum torque in this position.
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Each of the two sides that are perpendicular to the magnetic field, sides AB and CD, experience a force that
contributes to the overall torque on the coil, so the total torque is equal to twice the torque acting on one of these
sides.

To summarise, increasing the maximum torque will increase the speed of a DC motor. This can be achieved by:
• Increasing the force acting on the side (by either increasing the current in the coil, increasing the number of

loops in the coil, producing a stronger magnetic field or adding an iron core in the centre of the loop as part
of the armature)

• Increasing the width of the coil
• Using multiple coils mounted on the armature.

SAMPLE PROBLEM 9 Explaining DC motors and the split ring commutator
tlvd-8995

A student constructs a simple DC motor, exactly like the motor in figure 5.33, with a square loop
having side lengths 2.0 cm and a uniform 0.0050 T magnetic field. A current of 1.5 A passes through
the coil.
a. Calculate the magnitude and direction of the force on the wire in the following sections, referring to

figure 5.34 for the positions of these sections:
i. AB
ii. BC
iii. CD

b. Explain why the motor is most easily started when the coil is parallel to the magnetic field.
c. Explain why the commutator is essential if the coil is to rotate continuously in one direction.

THINK WRITE

a. Recall that the force on a current-carrying
wire in a magnetic field is F= nIlB
when the current and magnetic field are
perpendicular to each other. Use the right-
hand-slap rule or left-hand rule to find the
direction of the force on each side of the
wire loop.

a. F= nIlB
i. F = 1× 1.5× 0.020× 0.0050= 1.5× 104 N, down
ii. F= 0 N, because I and B are parallel to each

other
iii. F = 1× 1.5× 0.020× 0.0050= 1.5× 104 N, up

b. Recall that the turning force, or torque, is
given by 𝜏 = r⊥F. b. Torque is a maximum when the axis of rotation and

the line of action of the force are perpendicular to
each other, and the distance between them is at a
maximum. This occurs when the coil is parallel to
the field.

c. Review the operation of the commutator. c. Without the commutator, after the loop passes
through the vertical position, the direction of the
forces on the coil would reverse, causing the loop to
slow down and then reverse the direction of rotation.
Every time the loop passes through the vertical
position, the direction of the forces reverse again,
causing the loop to slow and reverse the direction
of rotation. The loop would just oscillate around
the vertical position. The commutator enables the
direction of current through the loop to be reversed
every time the loop passes through the vertical
position, reversing the direction of the forces so that
the loop can rotate continuously in the one direction.
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PRACTICE PROBLEM 9

The terminals of the battery supplying the motor in sample problem 9 are reversed.
a. Calculate the magnitude and direction of the force on the wire in the following sections:

i. AB
ii. BC
iii. CD

b. Explain the differences, if any, between the two motors.

Resources

Video eLessons How maglev trains work (eles-2556)
Torque (eles-0025)
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5.6 Quick quiz 5.6 Exercise 5.6 Exam questions

5.6 Exercise

1. What is the purpose of each of the following in a DC motor?
a. The magnet
b. The brushes
c. The commutator (mention three aspects)
d. The large number of turns in the wire

2. Look at the simplified DC motor in figure 5.34.
a. Are there some starting positions of the coil that won’t produce rotation? How can this be overcome?
b. Can the DC motor run backwards and forwards?
c. Can it run at different speeds? If so, how?

3. Would a DC motor work if it was connected to an alternating current (AC) power source?
4. An example of a DC motor without a commutator is the homopolar motor shown in the

following image. The upper section of the copper loop is in continuous contact with the
positive terminal of the battery, and the lower section of the loop is in continuous contact
with the negative terminal of the battery via the surface of the magnet. Explain how this
arrangement results in a continuously rotating loop.

5. Stronger magnetic fields can be obtained with an electromagnet. The same DC power
source can supply current to the electromagnet as well as to the rotating coil. The two
components of the circuit, the electromagnet and the rotating coil, can be connected to the
power source in two different ways.
a. What are these ways?
b. How do you think the starting and operating characteristics of these two types will differ?

TOPIC 5 Magnetic fields and their applications 279



6. MC Consider the simple DC motor shown in the diagram. Which of the following actions would increase the
average torque on the loop?

Simple Electric Motor

Upward force

Direction of

motionB

D

Graphite brush

Current

–

Commutator

A

C

A. Decreasing the side length BC
B. Halving the voltage supplied to the circuit
C. Decreasing the size of the magnetic field
D. Increasing the number of loop windings.

7. MC Which of the following changes would stop the motor in question 6 from rotating continuously?
A. Reversing the direction of the magnetic field
B. Reversing the direction of the voltage
C. Rotating the direction of the magnetic field to be perpendicular to the direction shown in the diagram
D. Reversing the direction of the current in the circuit.

5.6 Exam questions

Question 1 (5 marks)
Source: VCE 2022 Physics Exam, Section B, Q.1; © VCAA

Figure 1 shows four positions (1, 2, 3 and 4) of the coil of a single-turn, simple DC motor. The coil is turning in a
uniform magnetic field that is parallel to the plane of the coil when the coil is in Position 1, as shown.

When the motor is operating, the coil rotates about the axis through the middle of sides LM and NK in the
direction indicated. The coil is attached to a commutator. Current for the motor is passed to the commutator
by brushes that are not shown in Figure 1.

Figure 1
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Position 1 Position 2 Position 3 Position 4

a. When the coil is in Position 1, in which direction is the current flowing in the side KL— from K to L or from
L to K ? Justify your answer. (2 marks)

b. When the coil is in Position 3, in which direction is the current flowing in the side KL— from K to L or from
L to K ? (1 mark)

c. The side KL of the coil has a length of 0.10 m and experiences a magnetic force of 0.15 N due to the magnetic
field, which has a magnitude of 0.5 T. Calculate the magnitude of the current in the coil. (2 marks)
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Question 2 (4 marks)
Source: VCE 2019, Physics Exam, NHT, Section B, Q.3; © VCAA

Figure 3 shows a simple DC motor consisting of a square loop of wire of side 10 cm and 10 turns, a magnetic
field of strength 2.0×10−3 T, and a commutator connected to a 12 V battery. The current in the loop is 2.0 A.

+

–

F G

E H

S

Figure 3

N

12 V

a. Calculate the magnitude of the total force acting on the side EF when the loop is in the position shown in
Figure 3. Show your working. (2 marks)

b. Explain the role of the commutator in the operation of the DC motor. (2 marks)

Question 3 (3 marks)
Source: VCE 2018, Physics Exam, Section B, Q.3a; © VCAA

Students build a model of a simple DC motor, as shown in Figure 3.

+

–

F

E

SN

6.0 V

C

A

H

G

Figure 3

The motor is set with the coil horizontal, as shown, and the power source is applied.

Will the motor rotate in a clockwise (C) or anticlockwise (A) direction? Explain your answer.

Question 4 (5 marks)
Source: VCE 2017, Physics Exam, Section B, Q.3; © VCAA

Figure 2 shows a schematic diagram of a simple DC motor.

It consists of two magnets, a single 9.0 V DC power supply, a split-ring commutator and a rectangular coil of wire
consisting of 10 loops.

The total resistance of the coil of wire is 6.0Ω.

The length of the side JK is 12 cm and the length of the side KL is 6.0 cm.

The strength of the uniform magnetic field is 0.50 T.
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split-ring commutator

DC power supply

K L

J M
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B

CF

E

D

+ –

N S

Figure 2

a. Determine the size and the direction (A-F) of the force acting on the side JK. (3 marks)
b. What is the size of the force acting on the side KL in the orientation shown in Figure 2?

Explain your answer. (2 marks)

Question 5 (5 marks)
Source: VCE 2016 Physics Exam, NHT, Section A, Q.14; © VCAA

Students build a simple electric motor, as shown in Figure 18.

axis of rotation

commutator

Figure 18

SN

X Y

brush

a. MC At what position(s) (A.–D.) of the rotating coil is the magnetic force on the side XY zero? One or
more answers may be selected. (1 mark)
A. horizontal with the current as shown in Figure 18
B. horizontal with the current in the opposite direction to that shown in Figure 18
C. vertical
D. at all orientations of the coil

b. The students discover that the motor starts moving more easily with the coil in some orientations than in
others. Explain the best orientation(s) for starting the motor to move from rest. (2 marks)

c. MC To increase the speed of rotation of the motor, the students suggest a number of improvements. Which
suggested improvement(s) (A.–D.) is likely to increase the speed of rotation of the coil? One or more answers
may be selected. Explain your answer. (2 marks)
A. increase the battery voltage
B. replace the single coil of the motor with several turns
C. increase the resistance of the coil
D. reverse one of the poles of the permanent magnets

More exam questions are available in your learnON title.
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5.7 Similarities and differences between gravitational,
electric and magnetic fields

KEY KNOWLEDGE

• Compare theoretically and practically gravitational, magnetic and electric fields, including directions and
shapes of fields, attractive and repulsive fields, and the existence of dipoles and monopoles

• Identify fields as static or changing, and as uniform or non-uniform.

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

5.7.1 Comparing gravitational, magnetic and electric fields
Gravitational, electric and magnetic fields are all properties of the space around an object, whether the object
is a mass, a charge or a magnet. Lines are used to show the direction of the field, that is, the direction of force
experienced by a test object; the strength of the field is shown by the density of the lines. For some field
diagrams, it is not possible to tell the type of field simply by looking at the diagram.

FIGURE 5.36 Field diagrams

b.a.

For example, field diagram (a) in figure 5.36 could show either a gravitational field around a mass or an electric
field around a negative point charge. It could not be a magnetic field as, even though it might look like the field
near the south pole of a magnet, further away the field lines would start to curve away towards the north pole.

Similarly, field diagram (b) in figure 5.36 could show either an electric field around two opposite charges or a
magnetic field around north and south poles. However, it could not be a gravitational field, because mass does
not come in two opposite versions.

The fields described in this topic are all vector fields, and they share the property that fields from multiple
sources can be added to find the total field at any point.
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The essential features of gravitational, electric and magnetic fields are summarised in table 5.5.

TABLE 5.5 Summary of gravitational, electric and magnetic fields

Gravitational field Electric field Magnetic field

Surrounds a mass a charge (i) a magnet (ii) a moving charge

Diagram

–

N

S

Current-carrying wire

Affects: other masses other charges other magnetic materials and/or moving
charges

Field strength
symbol and
units

g
N kg−1(or m s−2) E

NC−1(or Vm−1) B

T
(

or NmA−1)

Magnitude of
field from a
point source

g=G
M

r2
E= kq

r2
A magnetic north or south pole cannot be
isolated to make a point source (monopole).
Calculating the magnetic field strength due
to a bar magnet or current-carrying wire is
beyond the scope of this course.

Direction of
the field is
defined by:

the direction of the
force on a test mass
placed in the field.

the direction of the force
on a positive test charge
placed in the field.

the direction of the orientation of the north
pole of a compass placed in the field.

Force in the
field

A mass m placed in
the field experiences
a force mg in the
direction of g.

A charge q placed in the
field experiences a force
qE in the direction of E.

The quantitative
force on a magnet
by a magnetic field B
is beyond the scope
of this course.

The force on a
moving charge in
the presence of a
magnetic field B is
qvB and the force
on a current-carrying
wire in the presence
of a magnetic field B
is nIlB.

Polarity of the
field

Unipolar Positive or negative
monopoles. A dipole
field is the field from a
separated positive and
negative charge.

The north or south pole cannot be isolated
to create a magnetic monopole.

A uniform
field exists:

on the Earth’s
surface.

between two oppositely
charged parallel
conducting plates.

between the poles
of a large horseshoe
magnet.

inside a current-
carrying coil.

A static field
exists:

around a mass. around charges that are
not moving.

around magnetised
materials.

around a wire
carrying a constant
current.
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SAMPLE PROBLEM 10 Comparing gravitational fields from a point mass to electric fields
from a positive chargetlvd-8997

Identify similarities and differences between the gravitational field generated from a point mass and
the electric field generated from a positive charge.

THINK WRITE

Recall that fields are described by whether they
are uniform or non-uniform, their shape and
direction, and the nature of their source.

Similarities:
1. The gravitational field generated from a point mass

and the electric field generated from a positive charge
both obey an inverse square law.

2. The gravitational field and electric field are both non-
uniform and static.

3. The point mass and positive charge can both be
described as monopoles.

Differences:
1. The direction of the gravitational field is inwards

towards the point mass, whereas the electric field
generated from a positive charge is outwards, away
from the point charge.

2. The gravitational field is attractive for all other
masses, whereas the electric field generated from
a positive charge repels other positive charges and
attracts negative charges.

PRACTICE PROBLEM 10

Identify similarities and differences between the electric field of a dipole and the magnetic field of a
bar magnet.

You can see in table 5.5 that there are circumstances in which each type of field can be uniform. There are also
circumstances in which each type of field is non-uniform, particularly as the distance away from the source
(such as an object with mass, a magnet or a point charge) increases. Gravitational sources can only attract,
whereas electric and magnetic sources can attract or repel. Gravitational and electric monopoles exist, which
can be seen by the way that field lines can begin from a single point, whereas magnetic field lines can never have
a beginning and an end but must instead form closed loops. The intriguing similarity between the electric dipole
field and the magnetic field from a bar magnet or solenoid hints at the fundamental connection between electric
and magnetic phenomena, a connection that was elegantly and brilliantly captured by James Clerk Maxwell at
the end of the nineteenth century.

Ultimately, the field model is a pathway to describing the forces experienced by objects and to understanding
and predicting the motion of objects and the transfer of energy in gravitational, electric and magnetic fields.
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5.7 Activities

Students, these questions are even better in jacPLUS
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5.7 Quick quiz 5.7 Exercise 5.7 Exam questions

5.7 Exercise

1. What is the experimental evidence for there being two types of charge?
2. Coulomb’s Law is very similar to Newton’s Law of Universal Gravitation. How do these two laws differ?

Compare electric charge and gravitational mass.
3. Give an example of a source of a uniform and a non-uniform magnetic field. Sketch the field in each case.
4. Identify similarities and differences between the electric field due to two positive charges separated by

1.0 cm and the magnetic field due to two bar magnets with the north poles facing each other, but
separated by 1.0 cm.

5. Compare the magnitude of the electric and gravitational forces of attraction between an electron and
a proton that are a distance 5.3 × 10−11 m apart in a hydrogen atom. (Given data: me = 9.11 × 10−31 kg;
mp = 1.67 × 10−27 kg)

6. A proton is suspended so that it is stationary in an electric field. Using the value of g = 9.8 m s−2, determine
the strength of the electric field.

7. Millikan observed charged oil drops falling at a constant speed in an electric field provided by two charged
plates. In a simplified version of the experiment, the oil drops are in a vacuum, so that when they fall at a
constant speed, the electric force on the drop is equal and opposite to the gravitational force on the drop. If
the mass of an oil drop is 10 µg and the charge of the oil drop is 10e–, how large does the electric field
provided by the plates need to be for the gravitational and electric forces to balance?

8. What equal positive charge would the Earth and the Moon need to have for the electrical repulsion to balance
the gravitational attraction? Why don’t you need to know the distance of separation of the two objects? The
mass of the Moon is 7.35×1022 kg.

9. The strength of the magnetic field can be determined using the following formula:

B= µ0I

2𝜋r ,
where r is the distance from a wire, and 𝜇0 is the vacuum permittivity constant (4𝜋× 10−7 TmA−1). The
strength of the Earth’s magnetic field at the surface is approximately 50 µT. Calculate how much current
needs to flow through the wire for the magnetic field at a distance of 2.0 cm from the wire to be equal in
magnitude to the Earth’s magnetic field at that point.

5.7 Exam questions

Question 1 (1 mark)

MC Which of the following is incorrect?
A. The gravitational field around a mass is static.
B. The field strength decreases when the distance to the source of the field increases.
C. No static magnetic field exists
D. The electric field around a charge at rest is static.
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Question 2 (1 mark)

MC Observe the following field shape.

Among the following, select the possible sources for it.
A. Two point masses separated by a distance r
B. A bar magnet
C. Two identical point charges separated by a distance r
D. An electric dipole.

Question 3 (2 marks)

When making notes on field shapes, a student recorded the following unlabelled diagram.

Help the student identify the type of fields and possible sources of field for this diagram.

Question 4 (3 marks)

Millie and Noah are discussing the similarities between gravitational, electric and magnetic fields. Noah has
drawn the following field shape and affirms that it could correspond to a gravitational field, to an electric field or
even to a magnetic field.

Justify whether Noah is correct, and if so, give an example of potential source of this field shape for each of the
field types.

Question 5 (3 marks)

When making notes to summarise the characteristics of gravitational, electric and magnetic fields, Lara created
the following table.

Source of a gravitational field Mass

Source of an electric field Charge

Source of a magnetic field Magnetic material

Their teacher told them that they forgot to include another possible source for one of their fields. Explain what
Lara forgot to include.

More exam questions are available in your learnON title.
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5.8 Review
Hey students! Now that it's time to revise this topic, go online to:
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5.8.1 Topic summary
Vector field model for

magnetic fields

Magnets apply forces to

other magnets

Like poles repel, unlike poles

attract

Magnetic field lines flow from

a north pole to a south pole

Right-hand-grip rule gives

direction of B

Non-uniform and static

Uniform and static

F ∝ I , F ∝ n 

An electric current in a wire

produces a magnetic field

Field inside a current-

carrying solenoid

Magnets apply forces to

moving charged particles

F = qvB

Force is at right angles to

both its velocity and the

magnetic field

When B ⊥ I , F = IlB

Direction of the force for a

positive moving charge

(conventional I)

Parallel current-carrying wires

exert forces on each other

Split ring commutator

Gravitational forces are

always attractive

Electric forces can be

attractive or repulsive

Magnetic forces can be

attractive or repulsive

Like charges repel, unlike

charges attract

Sources of gravitational fields can be

combinations of one or more

unipolar sources

Sources of electric fields can be

combinations of one or more

positive or negative poles

Sources of magnetic fields can be

one or more magnetic dipoles, no

magnetic monopoles are possible

Like poles repel, unlike

poles attract

Gravitational, electric and magnetic fields are all properties of

the space around an object, whether the object is a mass,

a charge or a magnet

The gravitational, electric and magnetic fields are all vector

fields, and fields from multiple sources can be added

(vector sum) to determine the total field at any point

Lines are used to show the direction of the field, that is, the direction

of force experienced by a test object; the strength of the field is

shown by the density of the lines

The coil keeps rotating in one direction

Reverses the direction of the current flowing

through an electric circuit when the plane

of the loop is perpendicular to the field

In a DC motor, a current

passing through a loop between

two magnetic poles causes the

loop to experience a torque and

rotate

Right-hand-slap rule or the left-hand rule

If the current flows in the same direction,

the wires attract each other

If the current flows in the opposite direction,

the wires repel each other

Combined magnetic field:

B = B1 + B2
... + Bn

Field around a current-

carrying wire

Field outside a current-

carrying solenoid

Magnetic materials have both

a north and south pole

(no monopole)

Magnetic forces on

current-carrying wires

Applying magnetic forces:

the DC motor

Similarities and differences

between gravitational,

electric and magnetic fields

Mass spectrometer

Electron microscope

Synchrotron

Wien filter/velocity selector

Use magnetic fields

A synchrotron accelerates charged particles

in a circle

Uses perpendicular electric and magnetic

fields

Particles with velocity

v =    pass through the filter undeflected
E

B

Magnets and magnetic

fields

Magnetic fields from

moving charges particles

Magnetic fields

and their

applications

Right-hand-slap rule or the

left-hand rule

Circular path

Direction of the force for a

positive moving charge

Mass spectrometer:

≠ m ⇒ ≠ r 
r = = 

mv

Bq

Using magnetic fields to

control charged particles,

cyclotrons and mass

spectrometers
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5.8.2 Key ideas summary

5.8.3 Key terms glossary

Resources

Solutions Solutions — Topic 5 (sol-0819)

Practical investigation eLogbook Practical investigation eLogbook — Topic 5 (elog-1636)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 5 (doc-37173)
Key ideas summary — Topic 5 (doc-37174)

Exam question booklet Exam question booklet — Topic 5 (eqb-0102)
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5.8 Review questions
1. A wire pointing into the page carries a 5.0-A current.

a. Sketch the magnetic field from the wire, ensuring that the magnetic field passes through points P and Q.
b. The Earth’s magnetic field is in the direction shown in the following diagram and has a uniform

magnitude of 10 𝜇T. At the points P and Q, the value of the magnetic field from the wire is 20 𝜇T.
Calculate the resulting magnitude and direction of the total magnetic field at P and Q.

P I Q N

2. Sketch the magnetic field from a solenoid and the electric field from an electric dipole. Identify similarities
and differences between the two fields.

3. When making notes on field shapes, a student records the following unlabelled sets of field lines in their
notebook:

Field CField BField A
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The student returns to their work and tries to identify the type of field and a possible source of field for each
set of data.

Data Set Gravitational Electric Magnetic

Field A
Field B
Field C Not possible –ve and +ve charge,

electric dipole
Not possible (similar to electric
dipole, but not identical)

Complete the table for the remaining data sets.

4. a. What is the size of the magnetic force on an electron entering perpendicularly to a magnetic field of
250 mT at a speed of 5.0 × 106 m s−1?

b. Use the mass of the electron (mass = 9.1 × 10–31 kg) to determine its centripetal acceleration.
c. If a proton entered the same field with the same speed, what would its centripetal acceleration be?

5. After a radioactive decay, a beta particle is observed to execute the following trajectory in a cloud chamber.
What is the direction of the magnetic field experienced by the beta particle?

6. What strength of magnetic field would be needed to obtain a radius of 1000 m if an electron has momentum
of 1.0 × 10−18 kg m s−1? (Assume the direction of the momentum of the electrons is perpendicular to the
direction of the magnetic field.)

7. A mass spectrometer is designed to separate particles based on the ratio of their mass to charge. The
spectrometer consists of three stages: a linear accelerator, a velocity selector and a uniform magnetic
field. Ions with a mass of 1.2 × 10−26 kg and a charge of +2e are passed through a linear accelerator with a
potential difference of 2000 V.

a. Assume that the ions are initially at rest. Show that, after passing through the linear accelerator, the
velocity of the ions is 3.3 × 105 m s−1.

The ions pass through the velocity selector undeflected into a uniform 0.50 T magnetic field pointing into the
page, as shown in the diagram.

X X X

X X X

X X X

b. Calculate the magnitude of the force experienced by the ions while they are in the magnetic field.
c. Calculate the radius of curvature of the trajectory followed by the ions.
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8. Two sturdy wire cables connect a power supply to a piece of heavy machinery as
shown in the diagram.

a. Draw an arrow at P indicating the direction of the magnetic field from the
right-hand wire.

b. Draw an arrow at Q indicating the direction of the force on the right-hand wire.
c. Do the two wires attract or repel each other? Explain your response.

I

I

P Q

9. Consider the DC motor shown in the following diagram. The strength of the magnetic field is 0.030 T. The
loop consists of 50 turns of wire. The loop is a rectangle with side lengths AB and CD of 15 cm and side
lengths BC and DA of 10 cm. The current in the wire is 3.0 A.

Simple electric motor

Graphite brush

Current

Commutator

B

D

–
+

A

C

a. Calculate the magnitude of the force on the side length AB.
b. Draw an arrow on side AB indicating the direction of the force on AB at that moment.
c. The polarity of the DC supply is reversed. Explain how this will affect the operation of the motor.
d. A student attempts to make their own motor but has difficulty attaching the commutator. The commutator

is attached with the split in the ring at an angle of 45° from the vertical. Explain how this will affect the
operation of the motor.

10. Consider the velocity selector shown in the following diagram:

–

+

E

B

+ v =v =
E

B

v ≠v ≠
E

B

v ≠v ≠
E

B

Would the same configuration of electric and magnetic fields work for negatively charged particles?
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5.8 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 2022, Physics Exam, Section A, Q.3; © VCAA

Particles emitted from a radioactive source travel through a magnetic field, Bin, directed into the page, as
shown schematically in the diagram below.

Three particles, K, L and M, follow the paths indicated by the arrows.

L (travels in a straight line)

radioactive source
M

× × × × ×

× × × × ×

× × × × ×

K

lead shield

Bin

Which of the following correctly identifies the charges on particles K, L and M?

K L M

A. positive no charge negative

B. positive negative negative

C. negative no charge positive

D. no charge no charge no charge

Question 2

Source: VCE 2021 Physics Exam, NHT, Section A, Q.1; © VCAA

A wire carrying a current, I, of 6.0A passes through a magnetic field, B, of strength 1.4×10−5 T, as shown below.
The magnetic field is exactly 1.0m wide.

I = 6.0 A

B = 1.4 × 10
–5 

T

1.0 m

The magnitude of the force on the wire is closest to

A. 0N

B. 2.3×10−6 N
C. 8.4×10−5 N
D. 4.3×105 N
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Question 3

Source: VCE 2020, Physics Exam, Section A, Q.3; © VCAA

A positron with a velocity of 1.4×106m s−1 is injected into a uniform magnetic field of 4.0×10−2 T, directed into
the page, as shown in the diagram below. It moves in a vacuum in a semicircle of radius r. The mass of the
positron is 9.1×10−31 kg and the charge on the positron is 1.6×10−19 C. Ignore relativistic effects.

r

v = 1.4 × 106 m s–1

Which one of the following best gives the speed of the positron as it exits the magnetic field?

A. 0ms−1
B. much less than 1.4×106ms−1
C. 1.4×106ms−1
D. greater than 1.4×106ms−1

Question 4

The speed of the positron is changed to 7.0 × 105 m s−1.

Which one of the following best gives the value of the radius r for this speed?

A.
r

4

B.
r

2
C. r

D. 2r

Question 5

Source: VCE 2019, Physics Exam, Section A, Q.1; © VCAA

Magnetic and gravitational forces have a variety of properties.

Which of the following best describes the attraction/repulsion properties of magnetic and gravitational forces?

Magnetic forces Gravitational forces

A. either attract or repel only attract

B. only repel neither attract nor repel

C. only attract only attract

D. either attract or repel either attract or repel

A. Option A

B. Option B

C. Option C

D. Option D
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Question 6

Source: VCE 2019, Physics Exam, NHT, Section A, Q.1; © VCAA

Two identical bar magnets are placed end to end, as shown below. Point X is midway between the bar magnets.

NSX

A

B

C

D

NS

Which direction best shows the direction of the magnetic field at point X?

A. A

B. B

C. C

D. D

Question 7

Source: VCE 2018, Physics Exam, Section A, Q.2; © VCAA

A wire carrying a current of 10A is placed in a uniform magnetic field of B=4.0×10−4 T, as shown below. 10 cm
of the wire is in the field.

S N

10 A

10 cm

into page

left

out of page

right

Which one of the following best gives the direction of the force acting on the wire?

A. out of page

B. into page

C. right

D. left
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Question 8

Source: VCE 2018, Physics Exam, Section A, Q.3; © VCAA

A wire carries a current of 10 A.

Which one of the following diagrams best shows the magnetic field associated with this current?

10 A

A.

10 A

B.

10 A

C.

10 A

D.

Question 9

Source: VCE 2018 Physics Exam, NHT, Section A, Q.1; © VCAA

Engineers are measuring the force due to Earth’s magnetic field on the supply wire of a railway line. The wire runs
east–west and carries a current of 2000A. Earth’s magnetic field is horizontal and due north at the place where
measurements are taken.

The engineers measure the force on a 10m length of the wire to be 1.0N.
Which one of the following best gives the strength of Earth’s magnetic field at this point?

A. 2.0×10−8 T
B. 5.0×10−5 T
C. 5.0×10−4 T
D. 200T

Question 10

Source: VCE 2017, Physics Exam, Section A, Q.1; © VCAA

A group of students is considering how to create a magnetic monopole.

Which one of the following is correct?

A. Break a bar magnet in half.

B. Pass a current through a long solenoid.

C. Pass a current through a circular loop of wire.

D. It is not known how to create a magnetic monopole.
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Section B — Short answer questions

Question 11 (5 marks)

Source: Adapted from VCE 2021 Physics Exam, NHT, Section B, Q.2b&c; © VCAA

An electron is accelerated from rest by a potential difference of V0. It emerges at a speed of 2.0×107ms−1 into a
magnetic field, B, of strength 2.5×10−3 T and follows a circular arc, as shown in Figure 2.

electron

source

V0

B = 2.5 × 10–3 T

Figure 2

a. Explain why the path of the electron in the magnetic field follows a circular arc. (2 marks)

b. Calculate the radius of the path travelled by the electron. Show your working. (3 marks)

Question 12 (3 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.4; © VCAA

Figure 4 shows a schematic diagram of a simple one-coil DC motor. A current is flowing through the coil.

split-ring commutator

DC power supply

Figure 4

S

M

LK

J

N

+

a. Draw an arrow on Figure 4 to indicate the direction of the force acting on the side JK of the coil. (1 mark)

b. Explain the purpose of the split-ring commutator. (2 marks)
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Question 13 (2 marks)

Source: VCE 2020, Physics Exam, Section B, Q.1; © VCAA

Two bar magnets are placed close to each other, as shown in Figure 1.

Sketch the shape and the direction of at least four magnetic field lines between the two poles within the dashed
border shown in Figure 1.

S N S N

Figure 1

Question 14 (3 marks)

Source: VCE 2020 Physics Exam, Section B, Q.2; © VCAA

Gravitation, magnetism and electricity can be explained using a field model. According to our understanding of
physics and current experimental evidence, these three field types can be associated with only monopoles, only
dipoles or both monopoles and dipoles.

In the table below, indicate whether each field type can be associated with only monopoles, only dipoles or both
monopoles and dipoles by ticking (✓) the appropriate box.

Field type Only monopoles Only dipoles Both monopoles and dipoles

gravitation

magnetism

electricity

Question 15 (6 marks)

Source: VCE 2020 Physics Exam, Section B, Q.3; © VCAA

Electron microscopes use a high-precision electron velocity selector consisting of an electric field, E,
perpendicular to a magnetic field, B.

Electrons travelling at the required velocity, v0, exit the aperture at point Y, while electrons travelling slower or
faster than the required velocity, v0, hit the aperture plate, as shown in Figure 2.
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a. Show that the velocity of an electron that travels straight through the aperture to point Y is given by v0= E

B
.

(1 mark)

b. Calculate the magnitude of the velocity, v0, of an electron that travels straight through the aperture to point Y if
E=500 kVm−1 and B=0.25 T. Show your working. (2 marks)

c. i. At which of the points – X, Y or Z – in Figure 2 could electrons travelling faster than v0 arrive? (1 mark)

ii. Explain your answer to part c. i. (2 marks)
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UNIT 3 | AREA OF STUDY 2 REVIEW

AREA OF STUDY 2 How do things move
without contact?

OUTCOME 2

Analyse gravitational, electric and magnetic fields, and apply these to explain the operation of motors and particle
accelerators and the orbits of satellites.

PRACTICE EXAMINATION

STRUCTURE OF PRACTICE EXAMINATION
Section Number of questions Number of marks

A 20 20

B 3 25

Total 45

Duration: 50 minutes
Information:

• This practice examination consists of two parts. You must answer all question sections.
• 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

SECTION A — Multiple choice questions

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

1. The planet Jupiter has a mass of 1.9 × 1027 kg and a radius of 7.0 × 107 m. What is the gravitational field
strength on the surface of Jupiter?

A. 26 N kg−1
B. 59 N kg−1
C. 62 N kg−1
D. 95 N kg−1

2. The gravitational field strength on the surface of the Moon, a distance of rMoon from the centre of the Moon, is
approximately 1.6 N kg−1. Which of the following is the best estimate of the gravitational field strength at an
altitude of 2 × rMoon above the Moon?

A. 0.18 N kg−1
B. 0.40 N kg−1
C. 0.53 N kg−1
D. 0.80 N kg−1
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3. Two spherical bodies, each with a mass of 4.5 kg and radius of 4.5 m, are touching each other in deep space.
They exert an attractive force on each other. The magnitude of this attractive force would be closest to:

A. 1.5×10−11 N.
B. 1.7×10−11 N.
C. 6.7×10−11 N.
D. 3.0×10−10 N.

4. The gravitational field around Earth may be described as:

A. uniform and static.

B. non-uniform and changing in time.

C. uniform and changing in time.

D. non-uniform and static.

Use the following information to answer questions 5 and 6:
Two satellites, Rhodium-45 and Palladium-64, are orbiting Earth at the same altitude. Palladium-64 is twice the
mass of Rhodium-45.

5. Which of the following statements best describes the orbital period of each satellite and the gravitational
force by Earth on each satellite?

A. The orbital period of each satellite is the same and the gravitational force acting on each satellite is the
same.

B. The orbital period of each satellite is different and the gravitational force acting on each satellite is the
same.

C. The orbital period of each satellite is the same and the gravitational force acting on each satellite is
different.

D. The orbital period of each satellite is different and the gravitational force acting on each satellite is
different.

6. Rhodium-45 is moved by a booster rocket to a higher orbit. Which of the following statements best describes
the orbital period and orbital speed of Rhodium-45 in the new orbit?

A. The orbital period has increased and the orbital speed has increased.

B. The orbital period has increased and the orbital speed has decreased.

C. The orbital period has decreased and the orbital speed has increased.

D. The orbital period has decreased and the orbital speed has decreased.

7. The force acting on an electric charge of +9.6×10−19C in a uniform electric field with a magnitude of
250 V m−1 is closest to:

A. 2.4×10−16 N.
B. 2.6×10−16 N.
C. 2.4×10−19 N.
D. 2.6×10−19 N.

Use the following information to answer questions 8 and 9:
A small sphere is fixed in place with a charge of +4.5 µC. Another sphere, with a charge of –3.2 µC and
suspended on a string, is brought close to the fixed sphere. The two spheres may be considered as point
charges.

8. The distance between the centres of the two spheres is 7.5 cm. What is the magnitude of the electric force
acting on the fixed sphere?

A. 2.3×10−4 N
B. 2.3×10−3 N
C. 23 N

D. 2.3×102 N
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9. What is the size of the electric field strength due to the fixed sphere at the position of the suspended sphere?

A. 5.1×106 N C−1
B. 7.2×106 N C−1
C. 8.1×106 N C−1
D. 9.2×106 N C−1

10. Two metal plates are placed parallel to each other and connected to a 120-V DC power supply. A uniform
electric field is created between the two plates, which are separated by a distance of 32 mm. The strength of
the uniform electric field between the two plates is approximately:

A. 38 N C−1.
B. 3.8×102 N C−1.
C. 3.8×103 N C−1.
D. 3.8×104 N C−1.

11. An electron is travelling in a straight line in a vacuum tube. Its path may be deflected by a force field. Which
of the following fields could cause the deflection?

A. An electric field only

B. Either an electric field or a magnetic field only

C. Either an electric field, a magnetic field or a gravitational field

D. A gravitational field only

12. Two metal plates are used to create a uniform electric field between them with a field strength of 2300 N C−1.
The distance between the plates is 3.0 cm. An electron is held at rest on the negatively charged plate. It is
released and accelerated towards the positively charged plate. What is the gain in kinetic energy by the
electron when it just reaches the positively charged plate?

A. 1.1×10−24J
B. 1.1×10−21J
C. 1.1×10−19J
D. 1.1×10−17J

13. The diagram shows the electric field lines between two charges q1 and q2 of different
magnitude.
The best description of the two charges is that the:

A. charges are both positive.

B. charges are both negative.

C. left-hand charge is positive and the right-hand charge is negative.

D. left-hand charge is negative and the right-hand charge is positive.

q1 q2

14. A copper conductor with length 5.0 cm is placed entirely between the poles of two magnets as shown in the
following diagram.

NS

The magnetic field strength is 3.0 mT and the current in the conductor is 4.0 A. What is the magnitude of the
magnetic force on the conductor?

A. 0.0 N
B. 2.0×10−4 N
C. 4.0×10−4 N
D. 6.0×10−4 N

UNIT 3 Area of Study 2 Review 301



15. The field lines of Earth’s magnetic field run from south to north on the surface of the Earth. A power line
carrying a DC current runs from east to west. What is the direction of the magnetic force acting on the power
line?

A. Up

B. Down

C. North

D. South

16. A straight conductor is carrying a current of 5.0 A. Which of the following diagrams best represents the
direction of the magnetic field, in blue, around the conductor?

A. B.

C. D.

17. A straight length of wire carries a current of 3.5 A and passes perpendicularly within a magnetic field of
unknown field strength. A force meter measures the magnetic force on the wire to be 0.35 N. The length of
the portion of wire within the magnetic field is 15 cm. The magnetic field strength is approximately:

A. 6.7 T.

B. 0.67 T.

C. 0.067 T.

D. 0.0067 T.

18. The following diagram shows a model DC motor with a split ring commutator that connects the rotating coil
to the battery.

Q

P

S N

At one instance, the current is flowing around the coil in the direction of P to Q. As seen from the front of this
motor, what is the direction of the rotation of the coil?

A. Clockwise

B. Anticlockwise

C. The coil will not rotate as a slip ring commutator should be used.

D. There is insufficient information — for example, the size of the current.

19. A stream of electrons enters a region of magnetic field with a field strength of 8.0 mT that is oriented
perpendicularly to the direction of electron motion. The electrons are travelling at a velocity of 8.0×106m s−1.
What is the radius of the electron path within the magnetic field?

A. 5.7 µm

B. 5.7 mm

C. 5.7 cm

D. 5.7 m
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20. A stream of electrons may be deflected by a magnetic field or by an electric field. Which of the following
options best describes the path taken by the electrons after being deflected?

Uniform magnetic field Uniform electric field

A. Circular path Circular path

B. Parabolic path Parabolic path

C. Circular path Parabolic path

D. Parabolic path Circular path

SECTION B — Short answer questions

Question 21 (10 marks)

Saturn has at least 18 natural satellites, two of which are Titan and Tethys. Data for Titan and Tethys is shown
below:

Mass of Titan 1.35×1023 kg
Radius of Titan 2.57×106 m
Period of Titan’s orbit 1.38×106 s
Radius of Titan’s orbit 1.22×109 m
Mass of Tethys 6.18×1020 kg
Radius of Tethys 5.31×105 m
Radius of Tethys’s orbit 2.95×108 m
a. Calculate the gravitational field strength on the surface of Titan. (2 marks)

b. Determine the period of Tethys’s orbit. (3 marks)

c. Determine the mass of Saturn. (3 marks)

d. What is the orbital speed of Titan? (2 marks)

Question 22 (8 marks)

Electrons are ‘liberated’ from a hot filament, and are then accelerated across a vacuum by a potential difference
of 120 V applied between two plates that are 15 cm apart. The electric field between the two plates may be
considered to be uniform in strength.

a. Determine the electric field strength between the plates. (2 marks)

b. Calculate the acceleration of the electrons between the plates. (2 marks)

c. What is the gain in kinetic energy by the electrons as they cross between the two plates? (2 marks)

d. Assuming that the initial velocity of the electrons is zero, what is the final velocity attained by
the electrons? (2 marks)
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Question 23 (7 marks)

A student builds a model DC motor with 40 turns of wire, and places the coil entirely within a magnetic field as
shown in the following diagram. She connects the commutator to a battery, and the coil rotates clockwise when
viewed from the position of the commutator.

S

LK

J M

N

a. At one moment as the coil is rotating, the coil is in the position shown in the diagram. What is the direction of
the current in the coil? (1 mark)

b. The current in the coil is 3.2 A, and the length of the side JK is 2.9 cm. The force on the side JK is measured to
be 1.2 N. What is the magnitude of the magnetic field? (2 marks)

c. The motor is stopped and the coil is positioned again as shown in the diagram. The student replaces the
commutator with split rings. She then reconnects the battery. Carefully explain what happens to the motion of
the coil. (2 marks)

d. Another student decides to alter his own motor and instead uses only 17 turns of wire. He wants to ensure
that the current and the force stay the same as the first student’s motor. What would the length of the side JK
need to be to enable this? (2 marks)
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UNIT 3 | AREA OF STUDY 2

PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — APPLICATION OF PHYSICS CONCEPTS TO EXPLAIN A MODEL,
THEORY, DEVICE, DESIGN OR INNOVATION

In this task, you will be required to analyse gravitational, electric and magnetic fields to explain the
operation of a type of particle accelerator, the Pelletron.

• This practice SAC requires you to describe the operation of a device; a structured set of questions is
supplied to assist you to write your description. You may choose to present your explanation as a report
or a multimodal or oral presentation, or break it down and answer question by question.

• You may use the VCAA Physics formula sheet and a scientific calculator for this task.

Total time: 55 minutes (5 minutes reading, 50 minutes writing)

Total marks: 46 marks

EXPLORING THE OPERATION OF 5U PELLETRON

The University of Melbourne houses a particle accelerator, the 5U Pelletron, which is capable of accelerating
positively charged particles. These charged particles can be directed at targets used for research purposes
ranging from fundamental nuclear physics through to medical research projects and the analysis of materials.

The Pelletron consists of an ion source that provides particles capable of being accelerated, and a device similar
to a Van de Graaff generator to provide a variable potential difference V. At the base of the accelerator, a large
magnet is used to direct beams of charged particles towards samples to be analysed. In essence, the machine is
capable of directing positive ions of a specific kinetic energy at a target. A schematic of the machine is shown in
the following diagram.

Ion source

+ve

–ve

5.0 m

Tantalum target

X

Y

Magnet

Evacuated beam line

Potential difference

V = 4.0 × 106 V

Relevant data:
• mass of a proton: 1.67 × 10−27 kg
• charge of a proton: 1.60 × 10−19 C
• mass of an alpha particle: 6.68 × 10−26 kg
• charge of an alpha particle: 3.20 × 10−19 C
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In one experiment, protons are produced by the ion source and accelerated by the potential difference, V.
1. Why is it necessary for the ions produced by the ion source to be positively charged and not negatively

charged?

The accelerated protons travel along an evacuated beam line from the ion source to the target.
2. Why is it important for the beam line to be evacuated — that is, for the beam line to be a vacuum?
3. Determine the work done on these protons and hence their kinetic energy when they arrive at point X after

leaving the ion source and being accelerated.
4. Use your value for the kinetic energy of the proton to determine its speed at point X directly above the

magnet.

Consider now if the ion source produced alpha particles instead of protons.
5. Calculate the strength of the electric field in the region between the positive and negative plates of the

Pelletron. Give the direction of the electric field in this region (up or down) and explain why you have
chosen it.

6. Calculate the size of the electric force acting on a proton moving from the ion source to point X and hence its
acceleration down the beam line.

Protons moving from the ion source of the Pelletron to point X also undergo a loss of gravitational potential
energy.
7. Explain why this transformation of energy can be ignored for protons moving from the ion source to point X.

A calculation would assist in your answer. Use g = 9.8 N kg–1 down.

At point X, the protons enter a region where there is a uniform magnetic field. This field is used to exert a force
on the protons so they move in the arc of a circle. They exit the magnetic field at point Y from which they are
directed towards a target situated at the end of a beam line.
8. Explain why the magnetic field interacting with the protons causes them to move in the arc of a circle as they

move from point X to point Y and why this could not be achieved with a uniform electric field.
9. Determine the direction of the magnetic field, clearly explaining your method.

The radius of the circle that the protons travel is 0.80 m.
10. Calculate the magnitude of the magnetic field of the magnet.
11. Use your results for questions 4 and 11 to determine the size of the magnetic force acting on a proton as it

moves from X to Y.
12. After the proton has been deflected by the magnetic field, it is travelling at the same speed as at point X, yet

the proton has been accelerated by the magnetic force. Explain how this is so.

The beam of protons now travels from Y to the end of the beam line to collide with a target. In this particular
instance, the target is made of tantalum. Each tantalum nucleus has 73 protons. Protons fired at the target are
capable of colliding with a tantalum nucleus.

In one collision, a proton is approaching a tantalum nucleus head-on. When the separation between the proton
and the tantalum nucleus is 10 nm, the electric force acting on the proton is 1.68 × 10–8 N.
13. Calculate the strength of the electric field due to the tantalum nucleus at a distance 10 nm from its centre.
14. Sketch a diagram showing this collision, clearly showing the size and direction of the electric force acting on

the proton. Explain if the proton will speed up, slow down or travel at a constant speed.

A university student operating the Pelletron decides that she would like protons of a higher speed.
15. What two adjustments must she make to the parameters of the machine to ensure that protons of higher

speed still hit the target? Relate each adjustment to the motion of the proton as it travels from the ion source
to the target.

16. Would the speed of the alpha particles be greater than, the same, or less than the speed of the protons at
point X, directly above the magnet? Explain your answer.

17. The Pelletron description above discusses the acceleration of positive particles. Would the device be able to
accelerate negative particles? What would need to be done to allow this?

Resources

Digital document School-assessed coursework (doc-39422)
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AREA OF STUDY 3 HOW ARE FIELDS USED IN ELECTRICITY GENERATION?

6 Generation of electricity
KEY KNOWLEDGE

In this topic, you will:
• calculate magnetic flux when the magnetic field is perpendicular to the area, and describe

the qualitative effect of differing angles between the area and the field: ΦB =B⊥A
• investigate and analyse theoretically and practically the generation of electromotive

force (emf) including AC voltage and calculations using induced emf: 𝜀 =−N∆ΦB∆t , with

reference to:
• rate of change of magnetic flux
• number of loops through which the flux passes
• direction of induced emf in a coil

• explain the production of DC voltage in DC generators and AC voltage in alternators,
including the use of split ring commutators and slip rings respectively.

• describe the production of electricity using photovoltaic cells and the need for an inverter to
convert power from DC to AC for use in the home (not including details of semiconductors
action or inverter circuitry).

Source: VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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



6.1 Overview
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6.1.1 Introduction
Hans Christian Oersted’s discovery that a
current-carrying wire induces a magnetic field
was the first indication of the relationship
between electricity and magnetism. Following
this, scientists started to investigate the
relationship in more detail. In 1831, Michael
Faraday completed the link between electricity
and magnetism when he found that electricity
could be produced from magnetism. This
discovery was monumental, allowing the
generation of the massive amounts of electricity
that society now relies on.

In this topic, you will be introduced to the
concept of magnetic flux and apply Faraday’s
findings to create devices that generate
electricity.

FIGURE 6.1 A generator inside a wind turbine
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Resources

Solutions Solutions — Topic 6 (sol-0820)

Practical investigation eLogbook Practical investigation eLogbook — Topic 6 (elog-1637)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 6 (doc-37175)
Key ideas summary — Topic 6 (doc-37176)

Exam question booklet Exam question booklet — Topic 6 (eqb-0103)
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6.2 BACKGROUND KNOWLEDGE Generating voltage
and current with a magnetic field

BACKGROUND KNOWLEDGE

• Explain how voltage and current is generated with a magnetic field.
• Investigate and analyse the electromotive force (emf) induced in a moving conductor: 𝜀 =Blv.

6.2.1 Generating voltage
What should happen when a metal rod moves through a magnetic
field? Imagine a horizontal rod falling down through a magnetic field
as shown in figure 6.2.

As the rod falls, the electrons and the positively charged nuclei in
the rod are both moving down through the magnetic field. (It is
important to recall that velocity, v, is perpendicular to the direction
of the magnetic field. If the velocity is parallel to the magnetic field,
the force will be zero.) The magnetic field will exert a magnetic force
on the electrons, and on the nuclei. The magnitude of this force, F,
is equal to the charge, q, multiplied by the velocity of the charge, v,
multiplied by the strength of the magnetic field, B.

In which direction will the magnetic force act on the electrons and the
nuclei?

FIGURE 6.2 A metal rod falling down
through a magnetic field

S

V

N

The hand rules from topic 5 can be used for both the electrons and the nuclei, keeping in mind that the hand
rules use conventional current, so electrons moving down are equivalent to positive charges moving up.

The force on the electrons will be towards the far end of the rod (into the page), while the force on the nuclei
will be to the near end of the rod (out of the page), as is shown in figure 6.3.

FIGURE 6.3 The magnetic field forces electrons to the far end of the falling rod.
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The atomic structure of the metal prevents the movement of the positively charged nuclei. The negatively
charged electrons, on the other hand, are free to move. The electrons move towards the far end of the rod,
leaving the near end deficient in electrons and thus positively charged.

Not all electrons move to the far end. As the far end becomes more negative, there will be an increasingly
repulsive force on any extra electrons at this end of the rod. Similarly, there will be an increasingly attractive
force from the positively charged near end, attempting to keep the remaining electrons at that end.
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The movement of the metal rod through the magnetic field has resulted in the separation of charge, causing a
potential difference, or voltage drop, between the ends. This is called induced voltage. As long as the rod keeps
moving, the charges will remain separated. As soon as the rod stops falling (at which point the velocity of the
charges equals zero), the magnetic force on the charges is reduced to zero; electrons are then attracted back to
the positive end and the electrons return to being distributed evenly in the rod.

The charge in the moving rod is separated by the magnetic field, but the charge has nowhere to go. A source of
voltage, an emf (electromotive force), has been produced. It is like a DC battery with one end positive and the
other negative.

The size of the induced emf depends on the number of electrons shifted to one end. The electrons are shifted by
the magnetic force until their own repulsion balances this force. So, the larger the magnetic force pushing the
electrons, the more electrons are shifted to one end of the rod.

The size of this pushing magnetic force depends on the size of the magnetic field and the velocity of the charge.
Assuming the magnetic field is constant, the size of the force depends on how fast the electrons are moving
down with the rod (which is, of course, how fast the rod is falling). So the faster the rod falls, the larger the
induced emf.

An expression for the size of the induced emf can be obtained by combining the expression for the force on
a moving charge with the definition of voltage. When the rod is moving down with velocity v, each electron
experiences a force along the rod equal to qvB. This force pushes the electron along the length l of the rod
and so is doing work in separating charge. The amount of work done, in joules, is equal to the force times the
displacement:

W= force× displacement= qvB× l induced voltage voltage caused by
the separation of charge due to the
presence of a magnetic field

emf source of voltage that can
cause an electric current to flow

However, the definition of emf (or the voltage drop across the rod) is energy supplied
per unit of charge, measured in joules per coulomb, or volts. So the induced emf (𝜀) is
given by 𝜀 = W

q
= Blqv

q
, which gives:

𝜀 =Blv
where: 𝜀 is the induced emf, in V

B is the magnetic field strength, in T

l is the length of the conductor, in m

v is the velocity of the conductor perpendicular to the magnetic field, in m s–1

SAMPLE PROBLEM 1 Calculating the size of the induced emf across a rod
tlvd-8998

A 5.0-cm metal rod moves at right angles across a magnetic field of strength 0.25 T at a speed of
40 cm s−1. What is the size of the induced emf across the ends of the rod?

THINK WRITE

Recall the formula for the induced emf of a
conductor: 𝜀 =Blv
where: l = 0.05 m, v = 0.4 m s–1 and B = 0.25 T.
Ensure that the units have been converted to those
required in the formula.

𝜀 = Blv= 0.25× 5.0× 10−2 × 0.4= 5.0× 10−3 V= 5.0 mV
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PRACTICE PROBLEM 1

At what speed would the rod need to move to induce an emf of 1.0 V?

6.2.2 Generating a current

FIGURE 6.4 The accumulated electrons at
the far end of a rod move to the positive
end through the connecting wire.
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Emfs can be used to produce a current by attaching a wire
to each end of the metal rod and connecting these wires
outside the magnetic field, producing a closed circuit. Now the
electrons have the path of a low-resistance conductor to move to
the positively charged end of the rod.

Once the electrons reach the positive end, they will be back
in the magnetic field, falling down through the magnetic field
with the metal rod, and will again experience a magnetic force
pushing them to the far end of the rod. The electrons will then
move around the circuit for a second time.

The electrons will continue to flow around the circuit as long
as the wire is moving through the magnetic field. An electric
current has been generated (see figure 6.4).

6.2.3 The source of a current’s electrical energy
Electric current has electrical energy. Where did this energy come from? Before the rod was released, it had
gravitational potential energy. If it is dropped outside the magnetic field (see figure 6.5b), this gravitational
potential energy is transformed into kinetic energy. If it is dropped inside the magnetic field (see figure 6.5a),
the potential energy is transformed into kinetic energy and electrical energy. Since energy is conserved (i.e. it
cannot be created or destroyed), there must be less kinetic energy in the rod falling in the magnetic field than the
rod falling outside of the magnetic field. That is, the rod in the magnetic field is falling at a slower speed. Why?

FIGURE 6.5 (a) Inside the magnetic field, the gravitational potential energy of the falling rod is converted into both
kinetic energy and electrical energy, whereas (b) outside the magnetic field, it is converted only into kinetic energy.

a. b.

Kinetic energy

Distance fallen

Gravitational

potential energy

E

Distance fallen

Kinetic 

energy

Electrical 

energy

Gravitational

 potential

 energy

E

–

–

–

N S

TOPIC 6 Generation of electricity 311



FIGURE 6.6 The magnetic force
opposes the weight of the rod.
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The induced current in the falling rod means that, when the
electrons are in the rod, they are moving in two directions —
downwards with the rod and along the rod.

The downward movement of the rod through the magnetic field
produces the sideways force along the rod that keeps the current
flowing. But if the electrons are moving along the rod, what is the
effect of the magnetic field?

The movement of electrons along the rod means there is a current-
carrying conductor in the magnetic field, causing the field to exert
a second force on the rod. The direction of this force is once again
given by the hand rule; the magnetic field is directed to the right,
the conventional current directed to the near end of the rod (out of
the page), and so the force is directed upwards. This magnetic force
opposes the downward force due to gravity on the rod.

The size of the upward magnetic force depends on the size of the
current. This current will depend, in turn, on the size of the voltage
drop between the ends of the rod. Voltage will increase as the rod
moves faster.

When the rod first starts falling, the magnetic force opposing the
force due to gravity is small but, as the rod falls faster, the opposing
magnetic force increases until it equals the force due to gravity on
the rod. At this point the rod has reached a maximum steady speed.
This situation is identical to the terminal velocity experienced by
objects falling through the air.

As the metal rod falls through the magnetic field at constant speed,
its kinetic energy remains constant, so the loss in gravitational
potential energy is converted to electrical energy as the generated
emf drives the current through the circuit.

This effect is difficult to demonstrate in practice; a magnetic
field large enough for the rod to achieve terminal velocity is too
difficult to construct. However, it is possible to drop a magnet
through a cylindrical conductor (as shown in figure 6.7). With a
sufficiently strong magnet, a measurable decrease in speed against
the acceleration due to gravity can be observed. Therefore, the
magnet falls with an acceleration less than 9.8 m s–2 because it
experiences a retarding magnetic force.

FIGURE 6.7 A magnet falling through a
metal tube

Magnetic force

Force due to gravity

Velocity of magnet
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6.2 Quick quiz 6.2 Exercise 6.2 Exam questions

6.2 Exercise

1. A rod of length 10 cm is being moved at a speed of 0.20 m s–1 perpendicularly to a magnetic field of strength
0.70 T. Calculate the induced emf in the rod.

2. A rod of length 14.3 cm is being moved perpendicularly to a magnetic field of strength 0.850 T. It generates an
emf of 100 mV. Determine the speed at which the rod is moving.

3. A rod is being moved at a speed of 0.18 m s–1 perpendicularly to a magnetic field of strength 0.60 T. It
generates an emf of 90 mV. Determine the length of the rod.

4. A rod of length 15 cm is held stationary in a vertical position and then dropped downwards through a
magnetic field of strength 100 T. The magnetic field is directed vertically downwards. Determine the induced
emf in the rod 4.0 s after it was dropped.

5. A rod of length 70 mm is being moved at a speed of 5.0 cm s–1 perpendicularly to a magnetic field. It
generates an emf of 35 mV. Determine the strength of the magnetic field.

6. An orbiting satellite has a small module tethered to it by a 5.0-km conducting cable. As the satellite and its
module orbit Earth, they cut across Earth’s magnetic field at right angles.
a. If the pair are travelling at a speed of 6000 m s–1, how far do they travel in 1.0 s?
b. What area does the conducting cable cross during the 1.0-s period?

6.2 Exam questions

Question 1 (3 marks)

An aeroplane with a wingspan of 30 m is flying at right angles to the Earth’s magnetic field at a speed of
2200 km h–1. If the strength of the Earth’s magnetic field is 5.0 × 10–5 T, determine the size of the induced emf
between the tips of the aeroplane’s wings.

Question 2 (2 marks)

As the metal rod in the diagram falls through the magnetic field, charge is separated and a voltage is established
between the two ends of the rod. This requires energy. Where did the energy come from?

× × × × ×

×××××

× × × × ×

Question 3 (3 marks)

Explain what happens to the voltage between the ends of the rod in question 2 as the rod falls faster.

Question 4 (2 marks)

Calculate the average emf in the axle of a car travelling at 120 km h−1 if the vertical component of the Earth’s
magnetic field is 40 µT and the length of the axle is 1.5 m.
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Question 5 (2 marks)

A boat sails at 2.5 m s−1 due west, where the Earth’s magnetic field is 5.0×10−5 T due north and horizontal. The
boat carries a vertical aerial 4.0 m long. Calculate the magnitude of the emf induced in the aerial.

More exam questions are available in your learnON title.

6.3 Magnetic flux

KEY KNOWLEDGE

• Calculate magnetic flux when the magnetic field is perpendicular to the area, and describe the qualitative
effect of differing angles between the area and the field: ΦB =B⊥A.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

6.3.1 What is magnetic flux?
Magnetic flux is the amount of magnetic field passing through an area, such as a coil.

The stronger the magnetic field going through an area, the larger the magnetic flux. Similarly, the larger the area
that the magnetic field is going through, the larger the magnetic flux. Due to this definition, the magnetic field
strength is sometimes referred to as the magnetic flux density.

Magnetic flux can be calculated as the product of the strength of the magnetic field and the area that is
perpendicular to the field lines.

ΦB=B⊥A
where: ΦB is the magnetic flux, in Wb

B is the strength of the magnetic field, in T

A is the area perpendicular to the magnetic field, in m2

⊥ indicates that the area referred to in the formula is the area perpendicular to
the magnetic field.

Magnetic flux is measured in webers (named after Wilhelm Eduard Weber). One weber (Wb) is the amount of
magnetic flux from a uniform magnetic field with a strength of 1.0 tesla passing through an area of 1.0 square
metre. The magnetic flux can also take on positive and negative values, depending on which side of the area the
magnetic field is coming from.

magnetic flux measure of the
amount of magnetic field passing
through an area; measured in
webers (Wb)

magnetic flux density (B) strength
of a magnetic field; measured in
tesla (T) or weber per square metre
(Wb m−2)

This description has assumed that the area is at right angles to the magnetic field, as
shown in figure 6.8a. This leads to a maximum value for BA. If the magnetic field
went through the area at an angle less than 90°, as shown in figure 6.8b, the amount of
magnetic flux passing through the area would be less. In fact, if the magnetic field is
parallel to the area, the amount of magnetic flux will be zero, as shown in figure 6.9.
None of the magnetic field lines pass through the area from one side to the other.
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FIGURE 6.8 Magnetic flux is the amount of magnetic field passing through an area. In a. it is the maximum BA; in
b. the value is less, as fewer field lines pass through the coil.

a. b.

Area A (at a right angle to

the magnetic field)
Area A (less than 90° to

the magnetic field)

B

B

FIGURE 6.9 Zero magnetic flux, as no field lines ‘thread’ the loop

B

Area A (parallel to the 

magnetic field)

SAMPLE PROBLEM 2 Calculating the magnetic flux through a loop
tlvd-8999

Calculate the magnetic flux in each of the following situations.

B = 0.050 T

Area = 0.30 m2

B = 0.2 T

8
cm

B = 1.7 T

c.

b.a.

15 cm

THINK WRITE

a. The magnetic field is perpendicular to the area,
so use the formula ΦB=B⊥A to determine the
flux, where B = 0.05 T and A = 0.30 m2.

a. ΦB = B⊥ ×A= 0.050 T× 0.30m2= 0.015 Wb
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b. 1. First calculate area A. (Don’t forget to convert
the radius to metres.)

b. A = 𝜋r2= 𝜋× 0.082= 0.02 m2

2. The magnetic field is perpendicular to the area,
so use the formula ΦB=B⊥A to determine the
flux, where B = 0.2 T and A = 0.020 106 m2.

ΦB = B⊥ ×A= 0.2 T× 0.02 m2= 0.004 Wb

c. The plane of the loop is parallel to the
magnetic field, hence there are no field lines
passing through the area.

c. B⊥ = 0ΦB = B⊥ ×A= 0×A= 0 Wb

PRACTICE PROBLEM 2

A vertical square coil of wire of side length 6.0 cm is placed into a horizontal magnetic field of
strength 0.15 T. Calculate the amount of flux through the coil.

EXTENSION: Calculating t he magnetic flux quantitatively

In general, the magnetic flux can be expressed in terms of the magnetic field strength, the area and the angle (𝜃)
between the magnetic field and a normal to the area:

ΦB =BAcos𝜃
For example, if the plane of the loop is parallel to the magnetic field, the angle between the field and the normal
to the area is 90°. As cos(90°) = 0, using the formula ΦB =BAcos𝜃 will determine the flux to be 0 Wb.

6.3 Activities

Students, these questions are even better in jacPLUS
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6.3 Quick quiz 6.3 Exercise 6.3 Exam questions

6.3 Exercise

1. What is the difference between magnetic flux and magnetic field strength?
2. Calculate the maximum magnetic flux passing through:

a. a single coil of area 0.050 m2 in a magnetic field of strength 3.0 T
b. a single coil of area 4.5 cm2 in a magnetic field of strength 0.4 T
c. a single coil with a radius of 0.3 m in a magnetic field of strength 0.025 T.
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3. A square loop of wire of side length 5.0 cm is placed in a magnetic field of strength 0.030 T, as shown in the
following diagram. The loop is free to rotate about its horizontal axis.

N S

a. What is the magnetic flux passing through the loop when it is in the position shown in the diagram?
b. The loop is now rotated 90° about its axis from its original position. What is the magnetic flux passing

through the loop when it is in its new position?
c. Draw a graph of the magnetic flux passing through the loop as it is rotated anticlockwise through one

revolution from the position shown in the diagram.
4. In the situation represented in the diagram, the loop has an area of 2.5 m2 and the magnetic field strength is

7.0 T.

Magnetic field, B

Loop of wire

Calculate the magnetic flux through the loop and state the units used in your answer.
5. A circular conducting coil with 80 loops is placed inside a magnetic field with a field strength of 0.09 T. The

area of the circular coil is 38 cm2.
Calculate the magnetic flux through the loop.

6. a. In the situation in the diagram shown, the loop has an area of 2.0 m2 and the magnetic flux through the loop
is 6.0 Wb. Calculate the magnetic field strength.

b. In the situation in the diagram shown, the magnetic flux density is 9 mT and the magnetic flux through the
loop is 7.2×10−2 Wb. Calculate the area of the loop.

Magnetic field, B

Loop of wire
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7. Grace and Joshua are investigating electromagnetic induction using a square coil, with side length of 2 cm,
which they place between the poles of a magnet. The uniform magnetic field between the poles of the magnet
is 5.0×10−2 T, and zero elsewhere.
Calculate the magnetic flux through the square coil when it is entirely within and perpendicular to the magnetic
field.

8. Calculate the magnetic flux in each of the following situations.
a.

20.0 cm

10.0 cm

B = 6.0 mT

× × × × × × ×

××××××

××

×

×

×

×

×

×

×

× ×

× × ×

× × ×

× ×

×

×

×

b. + ++++++

+ ++++++

+ ++++++

B = 1.5 T

12.0 mm

+ ++++++

+ ++++++

c.

A = 25 cm2

B = 3.2 T

6.3 Exam questions

Question 1 (1 mark)
Source: VCE 2020 Physics Exam, Section A, Q5; © VCAA

MC A coil consisting of 20 loops with an area of 10 cm2 is placed in a uniform magnetic field B of strength 0.03 T
so that the plane of the coil is perpendicular to the field direction, as shown in the diagram below.

B

The magnetic flux through the coil is closest to
A. 0 Wb
B. 3.0×10−5 Wb
C. 6.0×10−4 Wb
D. 3.0×10−1 Wb
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Question 2 (3 marks)
Source: VCE 2017, Physics Exam, Section B, Q.5.a; © VCAA

The alternator in the figure has a rectangular coil with sides of 0.30 m × 0.40 m and 10 turns. The coil rotates four
times a second in a uniform magnetic field. The magnetic flux through the coil in the position shown is 0.20 Wb.

output via slip rings

SN

Calculate the magnitude of the magnetic field. Include an appropriate unit.

Question 3 (2 marks)
Source: VCE 2016, Physics Exam, Section A, Q.15.a; © VCAA

A coil is wound around a cardboard cylinder, as shown in the figure. The cross-sectional area of the coil is
0.0060 m2. There are 1000 turns in the coil (not all are shown in the diagram).

resistor

B

The axis of the coil is immersed in a uniform external magnetic field of strength 0.0050 T and its direction is
shown by the arrow labelled B in the figure.

Calculate the magnitude of the flux through the first turn of the coil. Include an appropriate unit.

Question 4 (1 mark)
Source: VCE 2017 Physics Exam, NHT, Section A, Q.14a; © VCAA

A square loop of side 10 cm is allowed to move horizontally through a region of a magnetic field. This is shown in
Figure 22.

A
X Y

N

S
leading

edge

Figure 22

Assume the magnetic field is uniform and does not extend beyond the limits of the magnets.
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The arrangement is shown as viewed from above in Figure 23a.

 

A

10 cm

10 cm

30 cm

Figure 23a

30 cm10 cm

P R

X Y

Q S

On the graph provided in Figure 23b, sketch the magnitude of the flux threading the loop as the loop moves with
its leading edge moving from P to S.

 

P
0

Q R S

Figure 23b

x

flux

(ΦB)

Question 5 (1 mark)
Source: VCE 2011, Physics Exam 2, Section A, Q.8; © VCAA

MC The following figure shows a 50-turn rectangular coil of area 0.020 m2 that can rotate in a uniform magnetic
field of 2.0 T. The coil is shown in three different orientations, A, B and C.

N S N

orientation A orientation B orientation C

N S S

In orientation A the coil is horizontal; in orientation B it is vertical; and in orientation C it is inclined at 45° to the
vertical.

Which of the following is the closest to the value of the magnetic flux through the coil when it is at orientation C?
A. 0 Wb
B. 0.03 Wb
C. 0.04 Wb
D. 1.5 Wb

More exam questions are available in your learnON title.
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6.4 Generating emf from a changing magnetic flux

KEY KNOWLEDGE

• Investigate and analyse theoretically and practically the generation of electromotive force (emf) including AC

voltage and calculations using induced emf, 𝜀 =−N∆ΦB∆t , with reference to:

• rate of change of magnetic flux
• number of loops through which the flux passes
• direction of induced emf in a coil.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

6.4.1 Faraday’s discovery of electromagnetic induction
Michael Faraday was aware of the magnetic effect of a current and he spent six years searching for the reverse
effect — that is, the electrical effect of magnetism.

galvanometer instrument used to
detect small electric currents, or
to detect the direction of current
(such as in AC)

electromagnetic induction
generation of an electromotive
force (emf) in a coil (an electrical
conductor) as a result of a
changing magnetic field

His equipment consisted of two coils of insulated wire, wrapped around a wooden
ring. One coil was connected to a battery, the other to a galvanometer, a sensitive
current detector. Faraday observed that the galvanometer needle gave a little kick
as the battery switch was opened and a little kick the opposite way as the switch
was closed. The rest of the time, when the switch was either open or closed,
the needle was stationary, reading zero. The current was momentary, not the
constant current he was looking for. What Faraday had observed came to be called
electromagnetic induction.

FIGURE 6.10 When the switch in the battery circuit is opened or closed, there is a momentary current through the
galvanometer.

Switch

Battery

Galvanometer

0

+ –

Investigating further, Faraday found that using an iron ring instead of a wooden ring increased the size of the
current. He concluded that when the magnetic field of the battery coil was changing, there was a current induced
in the other coil.

He therefore replaced the battery coil with a magnet. Moving the magnet through the other coil changed the
magnetic field and produced a current. The faster the magnet moved, the larger the current. When the magnet
was moved back away from the coil, current flowed in the opposite direction.

If there was an induced current, there must have been an induced emf. An emf, 𝜀, gives energy to a charge to
move it through the wire, and the resistance of the wire limits the size of the current. So it is more correct to say
that the changing magnetic field induced an emf.

TOPIC 6 Generation of electricity 321



FIGURE 6.11 Magnet a. moving into a coil and b. away again

I

I

NNS NNS

a. b.

Changing magnetic flux and induced emf

Whenever the magnetic flux passing through a coil changes, an emf is induced in the coil.

A change in magnetic flux occurs when one of the following happens:
• the angle between the magnetic field and the coil changes
• the magnetic field strength changes
• the area of the coil changes.

INVESTIGATION 6.1
elog-1882

Generating a current

Aim

a. To investigate the direction of a current in a conductor that is moving relative to a magnetic field
b. To investigate the factors affecting the magnitude of a current in a conductor that is moving relative to a

magnetic field

6.4.2 Factors that affect induced emf
Rate of change of magnetic flux

The concept of magnetic flux can be used to explain the induced emf. The two principles are described here.
1. An emf is induced in a coil when the amount of magnetic flux passing through the coil changes.
2. The size of the emf depends on how quickly the amount of magnetic flux changes.

These two statements can be written formally as follows:

𝜀average= ΔΦBΔt
This statement is known as Faraday’s Law. The word ‘average’ is included because the change in magnetic flux
takes place over a finite interval of time.

Direction of induced emf in a coil

There is no magnetic flux passing through the loop in figure 6.12a. When the magnet approaches the coil from
the left (figure 6.12b), there is an increase in the amount of magnetic field passing through the coil from left to
right. The loop has experienced a change in the magnetic flux passing through it (figure 6.12c), and the direction
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of this change is from left to right. The change in magnetic flux induces a current in the coil, and the current in
the coil then induces a magnetic field. The direction of the induced magnetic field due to the induced current
in the loop must be such that it opposes the change in the magnetic flux. This means its direction will be from
right to left (figure 6.12d). To achieve an induced magnetic field from right to left, the induced current, using the
right-hand-grip rule, must be travelling up the front of the loop (figure 6.12e).

The coil responds in such a way as to keep its magnetic environment constant. In the example shown in
figure 6.12, there an increase in flux from left to right, so the induced magnetic field opposes this increase
by going from right to left. When the magnet is pulled back, the flux that is still going from left to right is
decreasing, so the induced magnetic field adds to the existing flux to compensate for the loss; therefore, this
induced field points from left to right.

FIGURE 6.12 The loop a. before and b. after; c. change in flux, d. direction of induced field and e. direction of
current

a. b. c. d. e.

N

Before After Change

in flux

Induced

magnetic

field

Induced current

(check using

right-hand-grip rule)

To determine the direction of the induced current in a coil according to Lenz’s Law, the
problem needs to be broken down into several steps:
1. Determine the change in flux: is it increasing or decreasing (and in which direction)?
2. Determine the direction of the induced magnetic field such that it compensates for the

increase or decrease in flux.
3. Determine the direction that the induced current must flow in order to produce the

induced magnetic field in step 2.

Lenz’s Law states:

The direction of the induced current is such that its magnetic field is in the opposite
direction to the change in magnetic flux.

In other words, a coil responds to a change in magnetic flux in such a way as to keep its magnetic environment
constant. If the coil experiences an increase in flux, it will compensate by inducing a magnetic field in the
opposite direction to the flux. If the coil experiences a decrease in flux, it will compensate for the loss by
inducing a magnetic field in the same direction as the flux.

This can be incorporated in the equation as a minus sign:

𝜀 = −ΔΦBΔt
Number of loops

Examples concerning emf have been previously discussed when there is a single coil of wire. When there are
multiple turns (or loops) in the coil, the emf produced will be the sum of all the individual turns. Therefore, if
the coil consists of several turns of wire, the equation can be generalised further:
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𝜀 =−NΔΦBΔt
where: 𝜀 is the induced emf, in V

N is the number of turns (or loops) in the coilΔΦB is the change in magnetic flux, in WbΔt is the time interval, in s

SAMPLE PROBLEM 3 Determining the induced emf and induced current in a loop
tlvd-9000

The rectangular loop shown in the diagram takes 2.0 s to
fully enter a perpendicular magnetic field of strength 0.66 T.
The loop has a resistance of 0.5 Ω.
a. What is the magnitude of the emf induced in the loop?
b. In which direction does the current flow around the loop?
c. What is the average induced current in the loop?

0.25 m

0.30 m
B = 0.66 T

×

× × × × ×

×××××

× × × ×

THINK WRITE

a. 1. First calculate the area of the loop. a. A = L×W= 0.25 m× 0.30 m= 0.075 m2

2. Now find the change in flux. ΔΦB = ΦB final−ΦB initial= (BA)final− (BA)initial= (

0.66 T× 0.075 m2)− (

0 T× 0.075 m2)

(The initial field strength through the coil is zero.)= (

0.050 T m2)− (

0 T m2)= 0.050 Wb into the page

3. Use Faraday’s Law to determine the
induced emf.

𝜀 = −NΔΦBΔt= −1× 0.050 Wb

2.0 s= −0.025 V
The magnitude of the induced voltage is 0.025 V.
(The minus sign indicates that the induced emf opposes
the change in magnetic flux.)

b. 1. Determine the direction of the flux,
and whether the flux is increasing or
decreasing.

b. The flux increases from 0 Wb to 0.050 Wb into the page
as the loop moves into the field.

2. Use Lenz’s Law to determine the
direction of the induced magnetic field.

Lenz’s Law states that the induced magnetic field
opposes the change in flux. Because the flux is
increasing, the direction of the induced magnetic field
will be in the opposite direction to the flux. Hence the
direction of the induced field will be out of the page.
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3. Use the right-hand-grip rule to
determine the direction of the induced
current.

In order for the induced magnetic field to be directed
out of the page, the induced current must flow in an
anticlockwise direction around the loop.

c. Use Ohm’s Law, V= IR, to calculate the
average current in the loop, where
V = 0.025 V and R= 0.5 Ω.

c. V = IR
0.025 V = I× 0.5 Ω

I = 0.025 V

0.5 Ω= 0.05 A

PRACTICE PROBLEM 3

A spring is bent into a circle and stretched out to a radius of 5.0 cm. It is
then placed in a magnetic field of strength 0.55 T. The spring is released and
contracts down to a circle of radius 3.0 cm. This happens in 0.15 seconds.
The spring has a resistance of 0.4 Ω.
a. What is magnitude of the induced emf?
b. In what direction does the current move?
c. What is the average induced current in the spring?

INVESTIGATION 6.2
elog-1883

tlvd-10812

Inducing a current in a coiled conductor

Aim

To investigate how a current can be induced in a coiled conductor, and to determine factors that affect the size of
the induced current

INVESTIGATION 6.3
elog-1884

tlvd-10606

Direction of induced currents

Aim

To investigate the direction of an induced current in a conducting coil and verify Lenz’s Law

Resources

Video eLesson Magnetic flux and Lenz’s Law (eles-0026)

Interactivities Magnetic flux and Lenz’s Law (int-0050)
Generating an emf (int-0116)
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6.4 Quick quiz 6.4 Exercise 6.4 Exam questions

6.4 Exercise

1. Why did Faraday use coils with many turns of copper wire?
2. The loop of wire shown in the diagram is quickly withdrawn

from the magnetic field. Which way does the current
flow in the loop?

3. Two coils are stacked one on top of the other with their centres in line.
a. If a battery is switched on in the bottom coil, producing a clockwise

current seen from above, what happens in the top coil?
b. Would the effect be different if the battery was connected

to the top coil?
c. Would the effect be different if the battery was switched off?

4. Two coils are placed side by side on a page with their centres in line,
as in the diagram.
a. If a battery is switched on in the left coil, producing a

clockwise current (seen from above the page), what happens
in the right coil?

b. What would be the effect if the current was anticlockwise?

5. The diagram shows a confined uniform magnetic
field coming out of the page with a wire coil in the plane of
the page. Is there an induced current in the coil
as it is moved:
a. to the right
b. upwards
c. into the page
d. out of the page?
Give a reason for each answer. If there is a current, indicate the direction.

6. Calculate the average induced emf in each of the following situations.
a. A circular loop of wire with a 5.0-cm radius is removed from a magnetic field of strength 0.40 T in a time of

0.20 s.
b. The magnetic flux through a coil changes from 60 Wb to 35 Wb in 1.5 s.
c. The magnetic flux through a coil changes from 60 Wb to −35 Wb in 2.5 s.

7. Calculate the average induced current in each of the following situations.
a. A circular loop of wire, 10 cm long with a resistance 0.40 Ω, is removed from a magnetic field of strength

0.60 T in a time of 0.30 s.
b. The magnetic field strength perpendicular to a square loop, of side length 0.26 m and resistance 2.5 Ω, is

increased from 0.20 T to 1.20 T in 0.50 s.
c. A stretched circular spring coil with an 8-cm radius and resistance 0.2 Ω is threaded by a perpendicular

magnetic field of strength 2.0 T. The coil shrinks back to a radius of 4 cm in 0.8 s.
8. An orbiting satellite has a small module tethered to it by a 5.0-km conducting cable. As the satellite and its

module orbit Earth, they cut across Earth’s magnetic field at right angles.
If the strength of Earth’s magnetic field at this distance is 0.1 mT, what is the size of the induced emf?
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9. A bar magnet, with its north end down, is dropped through a horizontal wire loop.
a. What is the direction of the induced current when the magnet is:

i. just above the loop
ii. halfway through the loop (so the north end is below the loop and south end is above the loop)
iii. just below the loop?

b. Draw the graph of the induced current against time.
c. Where did the electrical energy of the induced current come from?
d. If the magnet falls from a very long distance above the loop to a very long distance below the loop, what is

the overall change in magnetic flux through the loop? What does this imply about the area under the
current–time graph?

10. How much charge, in coulombs, flows in a loop of wire of area 1.6 × 10−3 m2 and resistance 0.20 Ω when it
is totally withdrawn from a magnetic field of strength 3.0 T over 1 second?

11. A magnet passes through two loops, one wire and the other plastic. Compare the induced emfs and the
induced currents of the two loops.

12. Lenz’s Law is an illustration of the conservation
of energy. Explain why the reverse of Lenz’s Law
(the direction of the induced current reinforces the
change in magnetic flux) contravenes the law
about the conservation of energy. Use the example of
a north end of a magnet approaching a loop of
conducting wire (as shown in the diagram).

NS

13. The diagram shows a permanent magnet near a coil of wire. The
coil is connected to a resistor.
a. Which way will a current flow through the resistor when the

magnet moves towards the coil from the position shown?
Explain your answer.

b. When the magnet is held stationary inside the coil, no current is
detected through the resistor. Explain why this is the case.

c. Describe two ways to increase the magnitude of the induced
current in the resistor.

X Y

SN

6.4 Exam questions

Question 1 (6 marks)
Source: VCE 2020 Physics Exam, Section B, Q.6; © VCAA

Two Physics students hold a coil of wire in a constant uniform magnetic field, as shown in Figure 5a. The ends of
the wire are connected to a sensitive ammeter. The students then change the shape of the coil by pulling each
side of the coil in the horizontal direction, as shown in Figure 5b. They notice a current register on the ammeter.

ammeter ammeter

Figure 5a Figure 5b

a. Will the magnetic flux through the coil increase, decrease or stay the same as the students change the shape
of the coil? (2 marks)
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b. Explain, using physics principles, why the ammeter registered a current in the coil and determine the direction
of the induced current. (2 marks)

c. The students then push each side of the coil together, as shown in Figure 6a, so that the coil returns to its
original circular shape, as shown in Figure 6b, and then changes to the shape shown in Figure 6c.

ammeterammeter ammeter

Figure 6a Figure 6b Figure 6c

Describe the direction of any induced currents in the coil during these changes.
Give your reasoning. (2 marks)

Question 2 (6 marks)
Source: VCE 2022 Physics Exam, Section B, Q.4; © VCAA

A square loop of wire connected to a resistor, R, is placed close to a long wire carrying a constant current, I, in
the direction shown in Figure 4.

The square loop is moved three times in the following order:
• Movement A — Starting at Position 1 in Figure 4, the square loop rotates one full rotation at a steady speed

about the x-axis. The rotation causes the resistor, R, to first move out of the page.
• Movement B — The square loop is then moved at a constant speed, parallel to the current-carrying wire,

from Position 1 to Position 2 in Figure 4.
• Movement C — The square loop is moved at a constant speed, perpendicular to the current-carrying wire,

from Position 2 to Position 3 in Figure 4.

 

R

Position 1

R

Position 2

Figure 4

R

Position 3

x-axis

constant

current, I

Complete the table below to show the effects of each of the three movements by:
• sketching any EMF generated in the square loop during the motion on the axes provided (scales and values

are not required)
• stating whether any induced current in the square loop is ‘alternating’, ‘clockwise’, ‘anticlockwise’ or has ‘no

current’.
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Movement Possible EMF

Direction of any induced
current (alternating/clockwise/
anticlockwise/no current)

A
rotation about
x-axis

EMF (V)

time (s)

B
moving from
Position 1 to
Position 2

EMF (V)

time (s)

C
moving from
Position 2 to
Position 3

EMF (V)

time (s)

Question 3 (6 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.4; © VCAA

Figure 2 shows a schematic diagram of a simple DC generator with the output voltage connected to a
cathode-ray oscilloscope (CRO).

The DC generator consists of a rectangular wire coil of 200 turns placed in a uniform magnetic field of strength
5.0 mT. The coil is rotated with a frequency of 60 Hz in the direction shown in Figure 2. The average EMF
generated in the coil for the first quarter turn is 35 mV. The coil is initially in the position shown in Figure 2.

 

N S

Figure 2

CRO
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a. When viewed from above, will the induced current in the coil be clockwise or anticlockwise during the first
quarter turn? (1 mark)

b. Calculate the area of one loop of the rectangular wire coil. Show your working. (3 marks)
c. The graph below shows the EMF induced in the coil over two full turns.

On the same axes, sketch the output EMF that would result if the number of turns in the coil is changed to
100 turns and the frequency of rotation is changed to 30 Hz. (2 marks)

 

t (s)

EMF (V)

Question 4 (9 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.4; © VCAA

Students move a square loop of wire of 100 turns and of cross-sectional area 4.0×10–4 m2. The loop moves
at constant speed from outside left, into, through and out of a magnetic field, as shown in Figure 1a. The area
between the poles has a uniform magnetic field of magnitude 2.0×10–3 T. Figure 1b shows the view from above.

 

N

S

from above

Figure 1a Figure 1b

a. On the axes provided below, sketch the magnetic flux, ΦB, through the loop as it moves into, through and out
of the magnetic field. (2 marks)

 

0

Φ
B

x
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b. On the axes provided below, sketch the EMF induced through the loop as it moves into, through and out of
the magnetic field. (2 marks)

 

0

EMF

x

c. The loop takes 2.0 s to move from completely outside to completely inside the magnetic field. Calculate the
magnitude of the induced EMF in the loop as it moves into the magnetic field. (2 marks)

d. Determine the direction of the induced current in the loop as it moves into the magnetic field as viewed from
above (clockwise or anti-clockwise). Justify your answer. (3 marks)

Question 5 (6 marks)
Source: VCE 2018 Physics Exam, Section B, Q.2; © VCAA

A square loop of wire of 10 turns with a cross-sectional area of 1.6×10–3 m2 passes at a constant speed into,
through and out of a magnetic field of magnitude 2.0×10–2 T, as shown in Figure 2. The loop takes 0.50 s to go
from position X to position Y.

 

×
×
×
×

×
×
×
×

×
×
×
×

×
×
×
×

side-on view

view from above

N

S

V

V

position Y

position X

direction of motion

Figure 2

a. Calculate the average EMF induced in the loop as it passes from just outside the magnetic field at position X
to just inside the magnetic field at position Y. Show your working. (3 marks)
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b. Sketch the EMF induced in the loop as it passes into, through and out of the magnetic field. You do not need
to include values on the axes. (3 marks)

 

loop outside 

field

loop entering

field

loop inside 

field

loop leaving

field

loop outside

field

time

EMF

loop at

position X

loop at

position Y

More exam questions are available in your learnON title.

6.5 Generators and alternators

KEY KNOWLEDGE

• Explain the production of DC voltage in DC generators and AC voltage in alternators, including the use of
split ring commutators and slip rings respectively

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

6.5.1 Induced emf in a rotating loop
A magnet moving in and out of a coil to generate a current is not a very efficient means of converting the
mechanical energy of the moving magnet into the electrical energy of a current in the coil. It does not have much
technological potential; an alternative is needed.

A generator is a device that transforms mechanical kinetic energy into electrical energy. In its simplest form, a
generator consists of a coil of wire that is forced to rotate about an axis in a magnetic field. As the coil rotates,
the magnitude of the magnetic flux threading (or passing through) the area of the coil changes. This changing
magnetic flux produces a changing emf across the ends of the wire that makes up the coil. This is in accordance
with Faraday’s Law of Induction, which can be stated as follows:

The induced emf in a coil is proportional in magnitude to the rate at which the magnetic flux through the coil is
changing with time.

Rotating a coil in a magnetic field continually changes the rate at which the magnetic flux changes through the
coil and therefore induces a changing voltage.

This way of changing the amount of magnetic flux passing through a loop is shown in figure 6.13.

When the loop is ‘face on’ to the magnetic field, the maximum amount of magnetic flux is passing through the
loop: ΦB=BA. As the loop turns, the amount of flux decreases. When it has turned 90° and is parallel to the
field, there is no flux passing through it at all: ΦB= 0. As the loop continues to turn between 90° and 180°, the
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magnetic field passes through the loop from the other side: a negative amount of flux, from the point of view of
the loop.

As seen in figure 6.14, the magnitude of the magnetic flux passing through the loop increases to a maximum
again, but in the opposite direction: ΦB=−BA. Then it decreases back to zero when the loop has rotated 270°,
and finally passes through the original face of the loop.

FIGURE 6.13 A loop ‘face on’ to a magnetic field has maximum magnetic flux.

Slip rings

Loop
Axis of rotation

P

Q Side-on view of loop

N SN S

FIGURE 6.14 Flux–time graph
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emf
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The amount of magnetic flux passing through the loop varies in the
form of a sine wave, as shown in figure 6.14. The induced emf across
the ends of the loop is proportional to the change of magnetic flux with

time. Since 𝜀 ∝−ΔΦBΔt , the induced emf is shown on the graph as the

negative gradient function of the magnetic flux–time graph, and hence
is also a sine wave.

The emf graph is the same shape as the flux graph but shifted sideways,
so that when the flux is a maximum, the emf is zero. When the flux is
at a maximum (or minimum) the flux–time graph is flat, so the gradient
is zero and hence the emf is zero.

Similarly, when the flux is zero, the flux–time graph is steepest, so the gradient is a maximum (or minimum) and
hence the emf is a minimum (or maximum).

6.5.2 AC alternators
Which way does the current travel when a rotating loop is placed in a magnetic field? Consider again
figure 6.13. From which connection, P or Q, does the current leave the loop to go around the external circuit?
It can be worked out using Lenz’s Law or using the magnetic force of electrons in the loop. Both methods are
explained as follows. (Note — in VCE Physics you only need to understand one explanation, so use the one in
which you feel most confident.)

Using Lenz’s Law
As the loop rotates, the magnetic flux changes from passing through one side to passing through the other.

In figure 6.15a, the magnetic flux is entering the loop from left to right above the edge AB. As the coil rotates
clockwise to a horizontal position, the flux decreases to zero, inducing a current through the coil. The induced
current induces a magnetic field from left to right to restore the decreasing flux.

In figure 6.15b, the loop continues to rotate in a clockwise direction from the horizontal position to the vertical
position. The magnetic flux increases from zero, entering the loop from the other side below the edge AB. The
induced magnetic field will now be from right to left to counteract the increase in flux.
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To produce this field, the right-hand-grip rule shows that conventional current needs to run in the direction
A→B→C→D.

FIGURE 6.15 Direction of current flow as loop passes through the horizontal position
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Slip rings

At this point in the rotation, the current will enter the external circuit from the slip ring at Q and return to the
loop by the slip ring at P. So, for the time being, the current flows through the external circuit from Q to P, with
Q being the positive terminal and P the negative.

In the diagrams in figure 6.15, the wire from A is attached to the front metal ring, the one connected to P, and
the wire from D is attached to the back ring, the one connected to Q. These connections are fixed. When the loop
rotates about its axis, the two slip rings also rotate about the same axis. The black blocks are made of graphite.
They are being held in place against the spinning slip rings by the springs. Graphite is used because it not only
conducts electricity but is also a lubricant. The spinning slip rings easily slide past the fixed block. The blocks
are also called ‘brushes’ because early designs used thin metal strips that brushed against the slip rings.

Consider the loop as it continues to rotate clockwise from the position shown in figure 6.15b through the vertical
position. The flux is increasing from left to right through the loop as it moves to the vertical position. The
induced current flows through A→B→C→D in order to induce a magnetic field from right to left through the
loop to counteract the increasing flux. When the loop rotates past the vertical position and begins to move again
towards the horizontal position, the flux from left to right decreases, inducing a magnetic field from left to right
through the loop, below the edge AB. For this to be possible, the induced current
must now move in the direction D→C→B→A. The current in the external circuit
will now flow from P to Q, that is, in the opposite direction! The direction of the
induced current will reverse every time the loop passes through the vertical
position (when the plane of the loop is perpendicular to the field), or every half-turn.

slip ring an electromechanical
device carrying current from a
stationary to a rotating structure

alternating current (AC) electric
current that reverses direction at
short, regular intervalsThe sinusoidal emf drives current through the external circuit first one way, then the

opposite way, and is thus called alternating current (AC).
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This design of a rotating coil in a magnetic field is called a generator. If the ends of the coil are connected to
slip rings, then the voltage across the external connections is alternating in direction, producing an alternating
current. The device can also be called an alternator.

Slip rings

Slip rings maintain a continuous electrical connection with the spinning loop and are used when an AC
output is required.

Using magnetic force on the charges in the wire
As the loop rotates through the horizontal plane, the left side of the loop, AB (see figure 6.16), is moving up, and
the right side, CD, is moving down. Using the right-hand-slap rule, the force of the magnetic field on the positive
charges in AB will be towards B, while the force on the electrons in AB will be towards A.

Similarly, the positive charges in CD will be pushed to D, while the electrons will be pushed towards C.

This means that conventional current will flow in the direction A→B→C→D, while the electrons will travel
around the loop in the order D→C→B→A. The conventional current will enter the external circuit from the slip
ring at Q and return to the loop by the
slip ring at P.

FIGURE 6.16 Using the left-hand rule to determine current direction in a rotating loop
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I

Magnetic field

F — Direction of force on positive charges

I — Direction positive charges move due to rotation

N

generator device in which a
rotating coil in a magnetic field
is used to induce a voltage

alternator device in which the
ends of the coil are connected to
slip rings, causing the voltage to
alternate in direction, inducing an
alternating current

Once the loop passes through the vertical plane, AB will move downwards
and CD will move upwards. The force of the magnetic field on the positive
charges in AB will be towards A, while the force on the electrons in AB will be
towards B, and the conventional current will now flow in the opposite direction:
D→C→B→A, entering the external circuit at P and returning to the loop at Q.
This is the same result obtained as with the previous method.

Resources

Video eLesson Generation of electricity (eles-3518)

Interactivity Producing AC in alternators (int-0117)
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6.5.3 DC generators
What happens if the slip rings are replaced with split rings like those used in a DC motor? When the current in
the loop reverses every half-cycle as the loop rotates through the vertical position, the ends of the coil swap to
the other side of the split ring so that the direction of the current flowing through the external circuit remains the
same. Essentially, the direction of the output to the external circuit is changed by the split ring commutator,
and so the alternating current in the loop is converted into pulsating direct current (DC) in the external circuit.
The device is now called a DC generator.

FIGURE 6.17 AC voltage coming from loop, and DC coming from commutator

+–

Split ring commutator

emf output

emf in loop

Time

N S

Split ring commutator

A split ring commutator is a device used in a DC motor to reverse the direction of the coil’s current every
half revolution of the loop so that the direction of the current flowing through the external circuit remains
the same. The alternating current in the loop is thus converted into direct current.

6.5.4 Comparison of motors and generators
Recall from topic 5 that a motor consists of a coil connected to a power supply in the presence of a magnetic
field. The magnetic field induces a force on the electrons moving through the coil, causing the coil to turn.
A motor converts electrical energy into mechanical energy.

split ring commutator a device that
reverses the direction of the current
flowing through an electric circuit

direct current (DC) electric current
that flows in one direction only

A generator consists of a coil in the presence of a magnetic field. By manually
rotating the coil, the magnetic flux through the coil changes, inducing an emf in
the coil, which subsequently induces a current through the coil. If connected to an
external circuit, the current through the coil can provide electricity to the circuit. A
generator converts mechanical energy into electrical energy.

Motors convert electrical energy into mechanical energy.

Generators convert mechanical energy into electrical energy.
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EXTENSION: Back emf

back emf electromagnetic force
that opposes the main current
flow in a circuit. When the coil
of a motor rotates, a back emf
is induced in the coil due to its
motion in the external magnetic
field.

Considering what you have learned in this topic, when the shaft of a motor is
turning (the motor is doing work), an emf is generated. Lenz’s Law informs us that
this emf opposes the emf powering the motor. This self-generated emf is known as
back emf. This results in the net emf in the motor being less than the supplied emf
when the motor is rotating.

Resources

Weblink Generator applet

6.5.5 Producing a greater emf
The AC voltage produced by a generator has a substantial
technological application because it is easy to make things
spin. Hydroelectricity is produced when water falls under
gravity through pipes and hits the vanes of a propeller
connected to a generator. In coal and gas-fired turbines,
the burning fuel heats up water to a high temperature,
producing steam at high pressure. The steam is directed
against the vanes of the turbine.

The emf that is produced by a generator has a frequency
that is the same as the frequency of the rotation of a coil in
a magnetic field.

FIGURE 6.18 Vanes of a turbine

Using the Faraday equation for average emf:

𝜀 = −NΔΦBΔt = −NΔ(B⊥A)Δt
and ignoring the − sign (which relates to direction), the ways to
produce a larger emf can be deduced, as follows:

• increase the number of turns or coils
• increase the strength of the magnetic field
• increase the area of each coil
• decrease the time for one turn (that is, increase the frequency

of rotation).
(Note that turning the coil twice as fast doubles both the
induced emf and the frequency — that is, it halves the period.)

FIGURE 6.19 Doubling the frequency
doubles the induced emf.

Coil turned twice as fast

Time

emf

EXTENSION: Other technological strategies can also increase the emf

• The pole ends of the magnet can be curved so that the coils are close to the magnets for more time during
the rotation.

• An iron core can be placed inside the coils to strengthen the magnetic field.
• The coils can be wound onto the iron core in grooves cut into the outer surface so that the iron core is as

close as possible to the magnetic poles to increase the magnetic field.
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FIGURE 6.20 Improvements to the design of a DC motor and an alternator
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6.5 Quick quiz 6.5 Exercise 6.5 Exam questions

6.5 Exercise

1. Jaidev and Ahn have constructed a simple alternator. It consists of a single rectangular coil of wire, 0.60 m ×
0.50 m, which is connected to slip rings, as shown in the following diagram. The coil is in a uniform magnetic
field of 250 mT and can be turned in the direction as shown in the diagram. Jaidev and Ahn test this alternator
by rotating the loop 90 degrees in 0.5 s.

A

Output

B1

R1

R2

B2

R

C

N

D

S

a. Calculate the magnitude of flux through the coil when orientated as shown in the diagram.
b. Calculate the average voltage measured through the slip rings.
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c. Ahn now rotates the coil at a constant rate of 6 revolutions per second, and the students observe that the
voltage between the slip rings varies with time as shown in the following graph.

emf

t

Jaidev decides to test the effect of rotation speed and turns the coil at a rate of 3 revolutions per second.
Copy the graph shown and sketch the effect this would now have on the variation of voltage with time.

2. A model electric generator, similar to the one shown in the following diagram, is being tested by some
students. The coil consists of 50 turns of wire and has an area of 6.0×10−3 m2. The magnetic field between
the poles of the magnets is measured to be 0.15 T.

S

Load

Slip rings

Loop

Axis of rotation

Q

P

N

a. Calculate the magnitude of the magnetic flux threading the coil when it is in the position shown.
b. As the students rotate the coil through an angle of 90°, the magnitude of the average induced emf is 40 mV.

What time interval is required for this rotation to produce an average induced emf of 40 mV during a
quarter-turn?

3. Describe the effect of the following changes on the size of the current produced by a generator.
a. The number of loops of the coil is increased.
b. The rate of rotation of the coil is decreased.
c. The strength of the magnetic field is increased.
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4. A student builds a model electric generator, similar to that shown below. The coil consists of 50 turns of wire.
The student rotates the coil in the direction indicated on the diagram. The coil is rotated a quarter turn (90°).

S

Load

Slip rings

Loop

Axis of rotation

Q

P

N

a. Using the points P and Q, identify in which direction the current flows through the external resistor.
b. Sketch a flux versus time graph and an emf versus time graph as the coil completes one rotation at a

steady rate starting from the instant shown in the diagram.

6.5 Exam questions

Question 1 (5 marks)
Source: VCE 2022 Physics Exam, Section B, Q.6; © VCAA

Figure 6 shows a simple alternator consisting of a rectangular coil of area 0.060 m2 and 200 turns, rotating
in a uniform magnetic field. The magnetic flux through the coil in the vertical position shown in Figure 6 is
1.2×10−3 Wb.

 

N

S

output

Figure 6

a. Calculate the strength of the magnetic field in Figure 6. Show your working. (2 marks)
b. The rectangular coil rotates at a frequency of 2.5 Hz.

Calculate the average induced EMF produced in the first quarter of a turn. Begin the quarter with the coil in
the vertical position shown in Figure 6. (3 marks)

Question 2 (3 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.4; © VCAA

Figure 4 shows a schematic diagram of a simple one-coil DC motor. A current is flowing through the coil.
a. Draw an arrow on Figure 4 to indicate the direction of the force acting on the side JK of the coil. (1 mark)
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Figure 4

split-ring commutator

DC power supply
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b. Explain the purpose of the split-ring commutator. (2 marks)

Question 3 (11 marks)
Source: VCE 2019, Physics Exam, Section B, Q7; © VCAA

Students in a Physics practical class investigate the piece of electrical equipment shown in Figure 5. It consists
of a single rectangular loop of wire that can be rotated within a uniform magnetic field. The loop has dimensions
0.50 m × 0.25 m and is connected to the output terminals with slip rings. The loop is in a uniform magnetic field
of strength 0.40 T.

Figure 5

N

output

S

a. Circle the name that best describes the piece of electrical equipment shown in Figure 5. (1 mark)
alternator DC generator DC motor AC motor

b. i. What is the magnitude of the flux through the loop when it is in the position shown in Figure 5? (1 mark)
ii. Explain your answer to part b.i. (1 mark)

The students connect the output terminals of the piece of electrical equipment to an oscilloscope. One student
rotates the loop at a constant rate of 20 revolutions per second.
c. Calculate the period of rotation of the loop. (1 mark)
d. Calculate the maximum flux through the loop. Show your working. (2 marks)
e. The loop starts in the position shown in Figure 5.

What is the average voltage measured across the output terminals for the first quarter turn? Show
your working. (2 marks)

f. State two ways that the amplitude of the voltage across the output terminals can be increased. (2 marks)
g. Figure 6 shows the output voltage graph shown on the oscilloscope for two cycles.
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V (volts)

time

Figure 6

The students now replace the slip rings in Figure 5 with a split-ring commutator.

On Figure 7, sketch with a solid line the output that the students will now observe on the oscilloscope.
Show two complete revolutions. The original output is shown with a dashed line. (1 mark)

V (volts)

time

Figure 7

Question 4 (5 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.3; © VCAA

Figure 3 shows a simple DC motor consisting of a square loop of wire of side 10 cm and 10 turns, a magnetic
field of strength 2.0×10−3 T, and a commutator connected to a 12-V battery. The current in the loop is 2.0 A.
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Figure 3
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a. Calculate the magnitude of the total force acting on the side EF when the loop is in the position shown in
Figure 3. Show your working. (2 marks)

b. Explain the role of the commutator in a DC motor. (3 marks)
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Question 5 (5 marks)

Source: VCE 2018 Physics Exam, Section B, Q.3; © VCAA

Students build a model of a simple DC motor, as shown in Figure 3.
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a. The motor is set with the coil horizontal, as shown, and the power source is applied. Will the motor rotate in a
clockwise (C) or anticlockwise (A) direction? Explain your answer. (3 marks)

b. One student suggests that slip rings would be easier to make than a commutator and that they should use
slip rings instead.
Explain the effect that replacing the commutator with slip rings would have on the operation of the motor, if no
other change was made. (2 marks)

More exam questions are available in your learnON title.

6.6 Photovoltaic cells

KEY KNOWLEDGE

• Describe the production of electricity using photovoltaic cells and the need for an inverter to convert power
from DC to AC for use in the home (not including details of semiconductors action or inverter circuitry)

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

6.6.1 The production of electricity using photovoltaic cells
Visible light is a part of the electromagnetic spectrum. Light behaves like waves, and it is often described in
terms of its wavelength. The wavelength of light depends on the energy of the light: high energy light has a short
wavelength, and low energy light has a long wavelength. Red light is low energy and has wavelengths greater
than 700 nm (nanometres). Violet light is high energy and has wavelengths less than 400 nm.

Light also behaves like particles or discrete packets of energy. These particles are called photons.

You will learn more about this dual behaviour of light in Unit 4.

Solar energy is the energy we receive from the Sun. The Sun emits the full range of radiation of the
electromagnetic spectrum.
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FIGURE 6.21 The electromagnetic spectrum
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When photons strike a photovoltaic cell, they are either absorbed by the cell or reflected from the surface.

If photons have enough energy, they cause electrons to be removed from atoms in the cell.

If the photons do not have enough energy, their energy is transformed into thermal energy and the solar cell
heats up. Solar cells are not very efficient because most of the photons in light from the Sun do not have enough
energy to release electrons in the cells.

Released electrons are collected and travel around an electrical circuit. The resulting electrical current is a direct
current (DC). It flows in one direction. As the intensity of the light increases, it has more photons that release
more electrons, creating a bigger electric current.

The voltage produced by a solar cell depends on the materials used to manufacture the cell. The voltage
produced by the cell is not affected by the intensity of the light.

Silicon-based solar cells
Most household solar cells are silicon-based. Silicon-based solar cells are p-n junction diodes.

A silicon-based solar cell has two thin layers of silicon sandwiched together, as shown in figure 6.22. The
two silicon layers in the figure are both made from highly purified silicon. In the silicon layer on the right,
phosphorus atoms are inserted among the silicon atoms, in a process called ‘doping’.
A phosphorus atom has one more electron in the outer shell than does a silicon atom.
This extra electron is held quite loosely, which is why a phosphorus atom releases
an electron when it absorbs energy from a photon that has enough energy. This
layer is called an n-type layer because it is a source of negatively charged electrons.

photovoltaic cell device that
transforms electromagnetic energy,
such as light from the Sun, directly
into electrical energy. Also known as
a PV cell or solar cell.

diode a two-terminal semiconductor
device that allows current to pass
through it in one direction but not
the other

The silicon layer on the left side has been ‘doped’ with boron atoms. A boron atom
has one less negatively charged electron in the outer shell than does a silicon atom.
The presence of boron atoms in the silicon lattice therefore creates ‘positive holes’,
and is thus called a p-type layer.
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Where the two layers meet is termed a p-n junction. Electrons from the n-type material drift across the junction
to fill holes, forming a ‘depletion layer’.

FIGURE 6.22 A silicon-based solar cell, or junction diode

Anode

Depletion region

P-type silicon

semiconductor

N-type silicon

semiconductor

+ –

Resin enclosure

Cathode

Direction current

Direction electrons

Negative ion

Positive ion

Hole P-type

Hole N-type

Resources

Weblink How PV cells produce electricity

EXTENSION: Semiconductors in photovoltaic cells and electricity generation

Semiconductors (generally silicon) in photovoltaic cells exposed to light will absorb the light’s energy.

Electrons in the silicon valence band are promoted to the conduction band, and holes are formed in the valence
band.

The charge carriers can travel in the form of an electrical current through the semiconductor material and an
external circuit.

They can also recombine, with their energy being dissipated as heat.

When the n-type semiconductor and the p-type semiconductor are put together in a p-n junction, an electric
field is formed at the p-n junction, moving the flow of electrons and holes in opposite directions, which reduces
electron-hole recombination.

Thus, when light is shone on the top layer of a photovoltaic cell, the top layer is covered with a grid of silver to
collect the released electrons. The result is the generation of an electric current when it is connected to a closed
electric circuit.

Silicon-based solar cells produce a maximum voltage of about 0.65 V (DC). The structure of silicon-based solar
cells is shown in figure 6.23. The top is a thin layer of n-type material. This allows photons to reach the junction.
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FIGURE 6.23 Cross-section of a silicon-based solar cell

Sunlight (photons)

Anode (negative electrode)

Cathode (positive electrode)

p-n junction

N-doped silicon

P-doped silicon

Electron (negative charge)

Hole (positive charge)

Consumer

Current

+

+

+

+

+

–

–

–

–

–

6.6.2 Solar panels and solar arrays
A solar panel consists of a set of solar cells connected in series and/or in parallel to produce a desired voltage
and current. The solar cells are set into a watertight frame, as shown in figure 6.24.

FIGURE 6.24 Parts of a solar panel

Frame

Glass

Encapsulant

Solar cells

Encapsulant

Backsheet

Junction box

A single solar cell has a maximum output voltage of about 0.65 V DC. The solar panel in the illustration has
60 solar cells connected in series. This gives a nominal output voltage of 24 V DC. The maximum voltage can
be greater than 36 V.
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inverter device that converts
direct current electricity produced
by solar panels into alternating
current electricity, usable in the
home

A solar array is a set of solar panels connected in a grid. Solar arrays are often
used on the rooftops of buildings. If the solar array generates more electricity
than is required in the building, the excess electrical energy is fed back into the
electricity grid or stored in a battery.

6.6.3 Solar electricity for buildings

FIGURE 6.25 Solar panels are connected
together in a rooftop array.

A rooftop solar system is the name given to the solar
panels together with the electrical circuit that must be set
up to link the solar array to the electrical circuitry in the
building.

The electrical current produced by a solar cell is a direct
current (DC). In Victoria, household electrical appliances
operate on a 230 V 50 Hz AC supply. For this reason,
a device known as an inverter must be inserted into a
rooftop solar system to convert the direct current into an
alternating current and change the voltage to 230 Vrms. The
electrical energy generated that is not needed at the time
can be stored in batteries and/or fed back into the power
grid. When electrical energy is fed back into power grid, a
meter measures the electrical energy that has been supplied
and the owners are paid for the power they supply.

FIGURE 6.26 Schematic diagram of a photovoltaic array connected to an inverter before the electricity is fed into
the household wiring.

Inverter

To AC appliances

Main fuseboxAC mains supply

Sunlight

Cell

Module

Bidirectional utility meter

Photovoltaic array
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6.6 Quick quiz 6.6 Exercise 6.6 Exam questions

6.6 Exercise

1. Explain what a photovoltaic cell is.
2. Why are inverters needed in connecting solar panel arrays to the electric circuits of a building?
3. If _____________ have enough energy, they cause _____________ to be removed from atoms in the cell.

If the photons striking a solar cell _____________ have enough energy, their energy is transformed into
_____________ energy and the solar cell heats up.

4. Why is it important that one side of the silicon layer is an n-type layer and the other a p-type layer?
5. MC Photovoltaic cells can convert all sunlight into electricity. True or false?

A. True
B. False

6.6 Exam questions

Question 1 (4 marks)

Explain why the light bulb in the figure will be able to work.

Sunlight (photons)

Anode (negative electrode)

Cathode (positive electrode)

p-n junction

N-doped silicon

P-doped silicon

Electron (negative charge)

Hole (positive charge)

Consumer

Current

+

+

+

+

+

–

–

–

–

–

Question 2 (2 marks)

Silicon is used as a base for photovoltaic cells. The silicon is doped with elements from Group III and V. Why is
this doping process important for photovoltaic cells?
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Question 3 (1 mark)

MC Even though photovoltaic cells have a low efficiency, the government has been offering rebates and
incentives to residences that install them. Why is the government supportive of this energy source?
A. To provide people with more energy options
B. To help reduce greenhouse gas emissions as part of the Renewable Energy Target scheme
C. To allow people to reduce their electricity bills
D. To reduce the number of households reliant on fossil fuels

Question 4 (2 marks)

What is the advantage of connecting two solar cells with a rated voltage of 40 V and a rated amperage of 5 A in
series, rather than in parallel?

Question 5 (2 marks)

If no inverter was used for a rooftop solar system, would you still be able to use electrical appliances in your
home? Explain.

More exam questions are available in your learnON title.
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6.7.2 Key ideas summary
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6.7 Review questions
1. A magnet passes through a copper tube at constant velocity along the path shown. A current is induced in

the tube by the motion of the magnet.

Copper tube

Path of magnet

A BN S

a. Describe the force acting between the tube and the magnet at point A and justify your answer.
b. Describe the force acting between the tube and the magnet at point B and justify your answer.

2. This figure shows a single loop of wire placed completely within a region of uniform
magnetic field

(

B= 3.2× 10−2 T
)

directed into the page. The loop of wire has an area
of 8.0 cm2 and is mounted so that it can be turned about the vertical axis as shown.
The loop rotates at a constant rate of 10 turns each second.
What is the value of the emf induced in the loop at the instant when the plane of the
loop is first perpendicular to the direction of the magnetic field if the coil begins
parallel to the field?

× × ×

× × ×

× × ×

× × ×

3. Veronica and Ron are investigating electromagnetic induction using a square coil. They place the coil
between the poles of a magnet. The sides of the coil are 0.020 m long. The uniform magnetic field between
the poles is 5.0 × 10–2 T, and elsewhere in air it is assumed to be zero. Calculate the magnetic flux through
the coil when it is entirely within and perpendicular to the magnetic field.
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4. A coil consisting of 10 turns of wire is held at right angles to, and completely within, a uniform magnetic
field.

The area enclosed by the coil is A. The magnetic field is decreased from B to
B
3

in time t. Write an

expression for the induced emf in the 10-turn coil in terms of the quantities given.

5. A boat sails at 3.0 m s–1 due east, where the Earth’s magnetic field is 5.0 × 10–5 T due north and horizontal.
The boat carries a vertical aerial 5.0 m long.

3.0 m s–1

5.0 m

× × × ×

× × × ×

× × ×

× × × ×

× ×

× ×

× ×

× ×

What will be the magnitude of the emf induced in the aerial?

6. State an advantage and a disadvantage of using photovoltaic cells as an energy source.

7. The following diagram shows a square loop of metal in a horizontal plane, situated in a uniform magnetic
field B that is directed vertically downwards. The side length of the square is 0.25 m. The magnitude of B is
9.0 × 10–5 T.

B

a. How much flux is threading the loop?
b. If the loop was rotated 90° about the horizontal axis, what would be the magnitude of flux now threading

the loop?
c. If this 90° rotation took place in a time of 0.50 seconds, what would be the average EMF generated during

this period of time?

8. A single, circular coil of wire is placed perpendicularly to a magnetic field as shown in the following
diagram. The magnetic field strength is 0.70 T and the flux threading the coil is 4.0× 10−3 Wb.

A
B

S N

a. Calculate the area of the loop.
b. The loop is now rotated 90° anticlockwise as shown in the diagram. If it is rotated at a rate of

10 revolutions per second, calculate the average emf generated in the loop.
c. On one set of axes, sketch the graphs of flux and emf generated over one complete rotation of the coil. A

vertical scale is not required.
d. State two ways to increase the size of the emf generated in the loop.
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9. A wire spring is made into a circular loop of area 0.30 m2 and is placed in a uniform magnetic field, B, of
0.82 T, perpendicular to the plane of the loop, as in part (a) of the following diagram.

B

a. b.

B

a. What is the magnetic flux through the loop shown in diagram (a)?
b. The area enclosed by the loop shrinks from 0.30 m2 in diagram (a) to 0.10 m2 in diagram (b) in a time of

0.10 seconds. What is the average emf induced?

At time t0, the loop has an area of 0.10 m2, as in diagram (b). At time t1, the loop is made to expand back to
its original size, which it reaches at time t2, in such a way that its area grows at a steady rate, as shown in the
following graph:

0.10

0.30

Area (m2)

Time

t1t0 t2

c. Sketch a graph that represents the emf in the loop as a function of time.

10. A student investigates electromagnetic induction using a single loop of wire and an electromagnet. As shown
in the following diagram, the loop is placed between the pole pieces of the electromagnet, perpendicular to
the magnetic field, and connected to an oscilloscope so that any induced voltage can be measured.

Coil for electromagnet

Oscilloscope

Single loop

of wire
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The current in the electromagnet’s coil is reduced so that the magnetic field, B, decreases to zero at a
constant rate over a time, t, as shown in part (a) of the following diagram. The induced voltage measured
on the oscilloscope is shown in diagram (b).

a. Explain why the induced voltage varies with time as shown.
b. The magnetic field is found to have an initial value of 1.7 T and it takes 5.0× 10−3 s to reduce to 0 T. If

the magnitude of voltage generated is equal to 1.2 V, find the area of the loop of wire.

Field B

Time
0

a. b.

t

Induced voltage

Time0

V0

t

6.7 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 2020 Physics Exam, Section A, Q.6; © VCAA

A single loop of wire moves into a uniform magnetic field B of strength 3.5×10−4 T over time t=0.20 s from
point X to point Y, as shown in the diagram below. The area A of the loop is 0.05 m2.

X Y

B

The magnitude of the average induced EMF in the loop is closest to

A. 0 V

B. 3.5×10−6 V

C. 8.8×10−5 V

D. 8.8×103 V

354 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Question 2

Source: VCE 2021 Physics Exam, Section A, Q.6; © VCAA

A magnet approaches a coil with six turns, as shown in the diagram below. During time interval ∆t, the magnetic
flux changes by 0.05 Wb and the average induced EMF is 1.2 V.

S N

coil with six turns

Which one of the following is closest to the time interval ∆t?

A. 0.04 s

B. 0.01 s

C. 0.25 s

D. 0.50 s

Question 3

Source: VCE 2017, Physics Exam, Section A, Q.6; © VCAA

The graph below shows the change in magnetic flux (Φ) through a coil of wire as a function of time (t).

t

Which one of the following graphs best represents the induced EMF (𝜀) across the coil of wire as a function of
time (t)?

ε

t

A. ε

t

B.

ε

t

C. ε

t

D.
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Question 4

Source: VCE 2021, Physics Exam, Section A, Q.8; © VCAA

The diagram below shows a simple electrical generator consisting of a rotating wire loop in a magnetic field,
connected to an external circuit with a light globe, a split-ring commutator and brushes. The direction of rotation
is shown by the arrow.

S

N

Which one of the following best describes the function of the split-ring commutator in the external circuit?

A. It delivers a DC current to the light globe.

B. It delivers an AC current to the light globe.

C. It ensures the force on the side of the loop nearest the north pole is always up.

D. It ensures the force on the side of the loop nearest the north pole is always down.

Question 5

Source: VCE 2019, Physics Exam, Section A, Q.7; © VCAA

The coil of an AC generator completes 50 revolutions per second.

A graph of output voltage versus time for this generator is shown below.

voltage

time

1

0

–1

Which one of the following graphs best represents the output voltage if the rate of rotation is changed to
25 revolutions per second?

voltage

time

1

0

–1

A. voltage

time

1

0

–1

B.

voltage

time

1

0

–1

C. voltage

time

1

0

–1

D.
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Question 6

Source: VCE 2022 Physics Exam, Section A, Q.2; © VCAA

The diagram below shows the magnetic flux variation through the coil of an AC generator.

t (s)

ϕB (Wb) 

0.050.040.030.020.01

Which one of the following is closest to the frequency of the magnetic flux variation through the coil of the
AC generator?

A. 0.04 Hz

B. 10 Hz

C. 20 Hz

D. 25 Hz

Question 7

Source: VCE 2021 Physics Exam, NHT, Section A, Q.8; © VCAA

In the diagram below, the solid line represents the graph of output EMF, 𝜀, versus time produced by an AC
generator. A single change is made to the AC generator and its operation, and the new graph of output EMF, 𝜀,
versus time is shown as a dashed line.

0.200.150.10
t (s)

0.05
0

–5

–10

5

ε (V)

10

Which one of the following best describes the change made to the AC generator?

A. The area of the coil was doubled.

B. The speed of rotation was halved.

C. The speed of rotation was doubled.

D. The number of turns of the wire in the coil was doubled.
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Question 8

Source: VCE 2019 Physics Exam, NHT, Section A, Q.7; © VCAA

An alternator is rotating at 10 revolutions per second. Its output is measured by an oscilloscope. The signal
produced is shown below.

t

V

The alternator is then slowed so that it rotates at five revolutions per second. Which one of the following best
shows the display observed on the oscilloscope?

t

VA.

t

VB.

t

VC.

t

VD.

       

Question 9

Source: VCE 2018 Physics Exam, NHT, Section A, Q.4; © VCAA

A simple DC generator consists of two magnets that produce a uniform magnetic field, in which a square loop of
wire of 100 turns rotates at constant speed, and a commutator, as shown in the diagram below.

S

oscilloscope

N
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Which one of the following best shows the display observed on the oscilloscope?

0 t

VA.

0 t

VB.

0 t

VC.

0 t

VD.

Question 10

Source: VCE 2019, Physics Exam, Section A, Q.8; © VCAA

An electrical generator is shown in the diagram below. The generator is turning clockwise.

P

S
N

Q

The voltage between P and Q and the magnetic flux through the loop are both graphed as a function of time, with
voltage versus time shown as a solid line and magnetic flux versus time shown as a dashed line.

Which one of the following graphs best shows the relationships for this electrical generator?

time

Key

voltage

magnetic flux

A.

time

B.

time

C.

time

D.
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Section B — Short answer questions

Question 11 (9 marks)

Source: VCE 2020, Physics Exam, Section B, Q.5; © VCAA

A rectangular wire loop with dimensions 0.050 m × 0.035 m is placed between two magnets that create a uniform
magnetic field of strength 0.2 mT. The loop is rotated with a frequency of 50 Hz in the direction shown in the
following figure. The ends of the loop are connected to a split-ring commutator to create a DC generator. The loop
is initially in the position shown in the figure below.

S N

a. In which direction — clockwise or anticlockwise — will the induced current travel through the loop for the first
quarter turn as seen from above? (1 mark)

b. Calculate the average EMF measured in the loop for the first quarter turn. (3 marks)

c. On the axes provided below, sketch the output EMF versus time, t, for the first two rotations. Include a scale
on the horizontal axis. (3 marks)

t

EMF

d. Suggest two modifications that could be made to the apparatus shown in the figure above that would increase
the output EMF of the DC generator. (2 marks)

Question 12 (9 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.5; © VCAA

Physics students who are investigating the generation of electricity spin a coil at a constant 10 rotations per
second in a uniform magnetic field. They observe the output on an oscilloscope. The experimental set-up is
shown in Figure 5. The peak voltage produced by the coil is 5 mV.

 Figure 5

N S
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On the axes below, sketch the voltage versus time graph observed on the screen of the oscilloscope for one
complete rotation of the coil from the position shown in Figure 5. Include appropriate scales on each axis.

 

V(mV)

t (s)

Question 13 (7 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.6; © VCAA

Gir and Kau are investigating electromagnetic induction. They have a single wire loop of dimensions XY=0.030 m
long and YZ=0.020 m wide, which is placed in a uniform magnetic field of strength 0.20 T. The loop is rotated
clockwise about an axis, as shown in Figure 6.

 

Z

X

Y
SN

W

B

Figure 6

A
axis

slip

rings

a. Explain the purpose of the slip rings in the apparatus shown in Figure 6. (2 marks)

b. Calculate the size of the magnetic flux through the loop when it is oriented as shown in Figure 6. Show your
working. (2 marks)
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The loop is rotated by Kau at a constant frequency, f, and an EMF, 𝜀, is generated. Figure 7 shows the generated
EMF versus time trace observed on the screen of an oscilloscope.
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ε (mV)

8

6

4

2

0.2 0.3

Figure 7

0.4

t (s)0

–2

–4

–6

–8

–10

0.1

c. Calculate the frequency of the rotation from the oscilloscope trace shown in Figure 7. (1 mark)

d. Gir now doubles the number of turns in the loop from one turn to two turns, creating two loops. The loops are
again rotated at the same constant frequency, f.
On Figure 8 below, sketch a graph that shows the resulting variation of the EMF with time between points A
and B, as labelled in Figure 6. The original output is shown as a dashed line. (2 marks)
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0.4
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–4

–6
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–10
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Question 14 (5 marks)

Source: VCE 2019 Physics Exam, NHT, Section B, Q.2; © VCAA

A square loop of wire with a cross-sectional area of 0.010 m2 and 20 turns rotates in a magnetic field of strength
4.0×10−2 T. The wires of the loop are connected to two slip rings and an oscilloscope, as shown in Figure 2.

oscilloscope

SN

Figure 2
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The loop takes 0.10 s to make a quarter rotation (from a position at right angles to the field to a position parallel to
the field).

a. Calculate the average magnitude of the induced EMF in the loop as it makes this quarter rotation. Show your
working. (3 marks)

b. On the axes provided below, sketch the output signal that would be displayed on the oscilloscope over 1.0 s.
A value or scale on the y-axis is not necessary. Take the position of the loop at t=0 to be that shown in
Figure 2. (2 marks)

0.40.30.20.1
0

V (volts)

t (seconds)
0.5 0.6 0.7 0.8 0.9 1.0

Question 15 (7 marks)

Source: VCE 2017 Physics Exam, NHT, Section A, Q.13; © VCAA

Students build a simple electric motor consisting of a single coil and a split-ring commutator, as shown in
Figure 21. The magnetic field between the pole pieces is a constant 0.02 T.

0.50 A

Figure 21

axis of rotation split-ring commutator

ZW

N S

YX
5.0 cm

a. Calculate the magnitude of the force on the side WX. (2 marks)

b. Will the coil rotate in a clockwise or anticlockwise direction as seen by an observer at the split-ring
commutator? Explain your answer. (3 marks)

c. Explain the role of the split-ring commutator in the operation of the electric motor. (2 marks)
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AREA OF STUDY 3 HOW ARE FIELDS USED IN ELECTRICITY GENERATION?

7 Transmission of
electricity

KEY KNOWLEDGE

In this topic, you will:
• compare sinusoidal AC voltages produced as a result of the uniform rotation of a loop in a
constant magnetic field with reference to frequency, period, amplitude, peak-to-peak voltage
(Vp–p) and peak-to-peak current (Ip–p)

• compare alternating voltage expressed as the root-mean-square (rms) to a constant DC
voltage developing the same power in a resistive component

• analyse transformer action with reference to electromagnetic induction for an ideal

transformer:
N1

N2

= V1
V2

= I2

I1
• analyse the supply of power by considering transmission losses across transmission lines.

Source: VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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



7.1 Overview
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7.1.1 Introduction
Without reliable electricity,
everyone’s lives would be drastically
different. It is easy to take for granted
the work that goes into ensuring that
households and classrooms safely
get a constant supply of electricity.
Most electricity is produced at
power stations, which are often far
away from the towns and cities in
which it is consumed. To reduce
power loss, electricity must be
transmitted sustainably. In this topic
you will learn about transformers
and their role in limiting power loss
in the long-distance transmission of
electricity.

FIGURE 7.1 High-voltage power lines are used to transmit electricity
over long distances.
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7.2 Peak, RMS and peak-to-peak voltages

KEY KNOWLEDGE

• compare sinusoidal AC voltages produced as a result of the uniform rotation of a loop in a constant magnetic
field with reference to frequency, period, amplitude, peak-to-peak voltage (Vp–p) and peak-to-peak current
(Ip–p)

• compare alternating voltage expressed as the root-mean-square (rms) to a constant DC voltage developing
the same power in a resistive component

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

7.2.1 Peak, RMS and peak-to-peak voltages

FIGURE 7.2 Sinusoidal graph from voltage output of
an alternator
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The voltage output of an alternator varies with time,
producing a sinusoidal graph. This graph, shown in
figure 7.2, can be described in terms of the physical
quantities listed here.

• The period, T, is the time taken for one complete
cycle.

• The frequency, f, is the number of full cycles
completed in one second. The frequency is related
to the period by the equation:

T= 1

f

The frequency of the power supplied to consumers in Australia is 50 Hz (1 hertz is one cycle per second).

The period is therefore
1

50
second = 0.02 s.

period the time it takes a source
to produce one complete wave
(or for a complete wave to pass a
given point)

frequency the number of times a
wave repeats itself every second

amplitude the maximum
variation from zero of a periodic
disturbance

peak voltage the amplitude of an
alternating voltage

peak current the amplitude of an
alternating current

RMS voltage the value of the
constant DC voltage that would
produce the same power as
AC voltage across the same
resistance

direct current (DC) an electric
current that flows in one direction
only

alternating current (AC) an
electric current that reverses
direction at short, regular intervals

• The amplitude is the maximum variation of the voltage output from zero.
It is called the peak voltage, Vpeak. Similarly, the amplitude of the current is
called the peak current, Ipeak.

• The RMS (root mean square) voltage, VRMS, is the value of the constant
direct current (DC) voltage that would produce the same power as the AC
voltage across the same resistance. The RMS voltage is related to the peak
voltage by the equation:

VRMS= Vpeak
√

2

The peak voltage of a 230 VRMS household power supply is 325 V. A 230 VRMS

output from a generator delivers the same amount of power as a 230 V DC power
supply across the same resistance. Similarly, IRMS is the value of a DC current
that generates the same power as an alternating current (AC) through the same
resistance:

IRMS= Ipeak
√

2

TOPIC 7 Transmission of electricity 367



peak-to-peak voltage the
difference between the maximum
and minimum voltages of a DC
voltage

• The peak-to-peak voltage, Vp−p, is the difference recorded between the
maximum and minimum voltages. In the case of a symmetrical AC voltage:

Vp−p= 2Vpeak

Ip−p= 2Ipeak

SAMPLE PROBLEM 1 Determining the peak-to-peak voltage from the RMS voltage
tlvd-9001

A digital multimeter gives a measurement of 6.3 V for the RMS value of an AC voltage. A CRO is
used to measure the peak-to-peak voltage. What value do you expect?

THINK WRITE

1. Calculate the peak voltage when VRMS = 6.3 V. VRMS = Vpeak
√

2

6.3 = Vpeak
√

2

Vpeak = 6.3√2

2. Calculate the peak-to-peak voltage. Vp−p = 2Vpeak= 2× 6.3×√

2 V= 18 V

PRACTICE PROBLEM 1

A toaster is rated at 230 VRMS and 1800 W. (Recall that P = IV.) What are the values of the RMS and
peak currents?

7.2 Activities
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7.2 Quick quiz 7.2 Exercise 7.2 Exam questions

7.2 Exercise

1. In the past, electronic valves were powered by 6.3 VRMS AC. What was the maximum voltage received by a
valve?

2. A CRO shows the following trace. The settings are:
Y: 10 mV per division
X: 5 ms per division.
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For this AC signal, identify the:
a. period
b. frequency
c. peak voltage
d. peak-to-peak voltage
e. RMS voltage.

3. Some appliances are designed to run off either AC or batteries. The size of the batteries is equivalent to the
peak of the AC voltage. If the appliance can run off 9 V DC, what RMS voltage would it also run off?

7.2 Exam questions

Note: Although the power supplied to most Australian consumers has changed from 240 VRMS to 230 VRMS, past exam
papers used 240 VRMS in their questions. It is good practice to exercise with both values.

Question 1 (1 mark)
Source: VCE 2016, Physics Exam, Section A, Q.17.b; © VCAA

Samira and Mark construct a simple alternator, as shown in the figure.

N S

V

W

U

X

slip rings
R

When the coil is rotating steadily, it takes 40 ms for each complete rotation and produces a peak emf of 3.5 V.

Calculate the RMS value of the AC emf.

Question 2 (1 mark)
Source: VCE 2016, Physics Exam, Section A, Q.17.a; © VCAA

Refer to the information in question 1.

When the coil is rotating steadily, it takes 40 ms for each complete rotation and produces a peak emf of 3.5 V.

Calculate the frequency of the AC emf.
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Question 3 (2 marks)
Source: Adapted from VCE 2015, Physics Exam, Section A, Q.14.a; © VCAA

Electricians use an oscilloscope to observe the following signal, as shown in the figure.
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Determine the frequency of the AC (alternating current) observed. Show your working.

Question 4 (1 mark)

MC A CRO is used to measure the peak-to-peak voltage, which is determined to be 24 V. The value for VRMS is:
A. 8.5 V.
B. 12 V.
C. 17 V.
D. 9.6 V.

Question 5 (2 marks)
Source: VCE 2013, Physics Sample exam for Units 3 and 4, Q.17.a; © VCAA

The output of an AC alternator is shown in the figure.
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Calculate the frequency of rotation of the alternator.

More exam questions are available in your learnON title.
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7.3 Transformers

KEY KNOWLEDGE

• Analyse transformer action with reference to electromagnetic induction for an ideal transformer:
N1

N2

= V1

V2

= I2

I1
.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

7.3.1 Electric power
Electric power is generated for a purpose — to provide lighting in streets and homes, and to operate motors in
domestic and industrial appliances. But electric power is often generated very far from where it is consumed.
This problem appears to be simply overcome: make the connecting wires from the generator to the light or
motor longer and longer, even stretching to hundreds of kilometres, and you have your basic transmission line.

FIGURE 7.3 Why not just extend the wires from your toaster all the way back to the power plant generator?

Power plant

This simple solution might work on the laboratory bench where the connecting wires are so short that their
resistance is a very small fraction of the overall resistance in the circuit. However, when the wires extend over
kilometres, their resistance becomes significant. So, too, does the power loss in them. The power dissipated in
the wires is equal to:

Ploss =VI= I2R

where: Ploss is the power dissipated in the wires, in W

V is the voltage drop across the wires (not to be confused with the supply voltage), in V

I is the current through the wires, in A

R is the resistance of the wires, in Ω
Hence, the higher the resistance of the wires, the more power is lost in transmission along those wires. In
addition, so much of the supply voltage now drops along the wires that the remaining voltage across the devices
is insufficient for them to operate properly.
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BACKGROUND KNOWLEDGE: Units of power

Electric power is normally measured in watts or megawatts — for example, when comparing electrical generators
or deciding between vacuum cleaners. However, the generator supplies energy, the vacuum cleaner consumes or
transforms energy, and it is ultimately people who pay for energy. The power rating, or wattage, of an electrical
appliance indicates the rate at which it uses electricity. The longer the appliance is powered on, the more energy
is used and the more the process costs. By definition:

1 watt=1 joule per second
1 joule=1 watt×1 second=1 watt second

As 1 watt second is equivalent to 1 joule, then

1000 watt seconds=1000 J

1 kilowatt second=1 kJ.
If a 1 kW heater was turned on for 1 s, it would use 1 kilowatt second or 1 kilojoule of electrical energy. If it was
turned on for 60 seconds, it would use 60 kilowatt seconds or 60 kilojoules.

The common unit for energy supply and consumption in electricity is the kilowatt hour, which is the amount of
energy consumed, for example, by a one-kilowatt heater for one hour. This unit is abbreviated to kWh
(e.g. 60 kWh).

The conversion from kilowatt hour to joules is as follows:

1 kWh = 60×60 kilowatt seconds= 3600 kilowatt seconds= 3 600 000watt seconds= 3.6×106 joules= 3.6megajoules (MJ)

7.3.2 Why use transformers?
The transmission line transfers electrical energy from the generator to the appliance. The electrical energy is
generated at a voltage set by the generator. Using Ohm’s Law, if the voltage supplied from the generator is
constant, then the current drawn from the generator depends on the total resistance in the devices connected

to the generator: I= V

R
. Devices are connected in parallel so that they all have the same voltage. Plugging in

additional devices is the same as adding extra resistances in parallel, with each device drawing its own current
from the supply. The extra appliances in parallel reduce the total resistance in the circuit.

With more appliances connected, the overall resistance of the circuit is reduced, drawing a larger current from
the generator and therefore greater energy is supplied. The amount of energy supplied by the generator every
second, or the electrical power supplied, is equal to the product of the voltage supplied
by the generator and the current drawn from the generator, P = VI. power rating the total electrical

power required for an appliance or
machine to operate normally

transformer a device in which
two multi-turn coils may be wound
around an iron core. One coil acts
as an input while the other acts
as an output. The purpose of the
transformer is to produce an output
AC voltage that is different from the
input AC voltage.

If the transmission lines are long, the energy wasted due to their resistance becomes
a significant fraction of the energy supplied by the generator. If the same amount of
energy produced every second (that is, the same power) can be sent along the lines
but at a lower current, the energy loss will be less. In fact, since the power loss is
given by I2R (current2 × resistance of the lines), halving the current through the lines
reduces the power loss by a factor of four. This current, and therefore power loss, can
be reduced with the use of transformers.
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SAMPLE PROBLEM 2 Determining the total resistance of 100 km of wire to reflect on the
usefulness of transformers

tlvd-9002

A 100-W light globe uses 100 J of energy every second when the voltage across it is 230 VRMS.
a. Calculate the current through the globe.
b. Calculate the resistance of the globe for this current and voltage.
c. i. If the globe was connected to a 230-VRMS power supply by 2.00 m of copper wire, what would be

the total resistance of the circuit? The wire has a resistance of 0.0220 Ω m−1.
ii. What would be the voltage drop across the globe?

d. i. If the globe was connected by 100 km of copper wire, what would be the total resistance of the
circuit?

ii. What would be the voltage drop across the globe now?
e. Comment on how the light globe would respond when there is 100 km of wire.

THINK WRITE

a. Use the formula P=VI to determine the
current through the globe, where
P = 100 W and V = 230 V.

a. P = VI
100 = 230I

I = 100

230= 0.435A
b. Recall and use Ohm’s Law, V = IR, to

determine the resistance of the globe.
b. V = IR

230 = 0.435R
R = 230

0.435= 529 Ω
c. i. The globe and the wire are connected

in series, so add their resistances to
determine the total resistance of the
circuit.

c. i. Rtotal = Rcopper+Rglobe= (

2.00 m× 0.0220 Ω m−1
)+ 529 Ω≈ 529 Ω

ii. 1. Determine the current through the series
circuit using Ohm’s Law, V = IR, where
V = 230 V (supplied to the circuit) and
R = 529 Ω (total resistance of the circuit).

ii. V = IR

I = V

R= 230

529= 0.435 A

2. Determine the voltage drop across the
globe using Ohm’s Law, V = IR.

V = IR= 0.435A× 529 Ω= 230 V
The voltage drop across the globe is 230 V.

d. i. The globe and the wire are connected
in series, so add their resistances to
determine the total resistance of the
circuit.

d. i. Rtotal = Rcopper+Rglobe= (

100× 103 m× 0.0220 Ω m−1
)+ 529 Ω≈ 2729 Ω

The total resistance of the circuit is 2730 Ω.
The resistance of the copper wire is not
negligible.
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ii. 1. Determine the current through the series
circuit using Ohm’s Law, V = IR, where
V = 230 V (supplied to the circuit) and
R = 2729 Ω (total resistance of the circuit)

ii. V = IR

I = V

R= 230

2729= 0.0843 A

2. Determine the voltage drop across the
globe using Ohm’s Law, V = IR.

V = IR= 0.0843 A× 529 Ω= 44.6 V

e. Most of the 230 V supplied to the circuit
is dissipated in the copper wire, with only
a small amount across the globe.

e. The globe would not light up.

PRACTICE PROBLEM 2

An 800-W toaster uses 800 J of energy every second when the voltage across it is 230 VRMS.
a. Calculate the current through the toaster.
b. Calculate the resistance of the toaster for this current and voltage.
c. i. If the toaster was connected to a 230-V power supply by 1.00 m of copper wire, what would be

the total resistance of the circuit? The wire has a resistance of 0.0350 Ω m−1.
ii.What would be the voltage across the toaster?

d. i. If the toaster was connected by 20 km of copper wire, what would be the total resistance of the
circuit?

ii.What would be the voltage across the toaster now?
e. Comment on how the toaster would respond.

7.3.3 How do transformers work?
In 1831 Michael Faraday constructed the first transformer when he demonstrated that an electric current in one
circuit had a magnetic effect that could produce an electric current in another circuit.

galvanometer instrument used to
detect small electric currents, or to
detect the direction of current

electromagnetic induction
generation of an electromotive
force (emf) in a coil (an electrical
conductor) as a result of a changing
magnetic field

Faraday’s transformer consisted of two sets of wire coils wrapped around a ring of
iron. One coil, the primary or input coil, was connected to a battery by a switch, while
the other, the secondary coil, was connected to a galvanometer (a sensitive current
detector). (Faraday’s transformer is discussed in section 6.4.1.)

As with other examples of electromagnetic induction, the transformer works only
when there is a change in magnetic flux in the coils (which is the case with modern
transformers).
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FIGURE 7.4 Circuit diagram symbol for a
transformer

To sum up, transformers are devices that act to increase or
decrease AC voltages, and they are used in many electrical
devices and systems.

If an AC voltage is applied to the primary coil, an alternating
magnetic field will be set up in the iron core. This alternating
magnetic field will propagate through the iron core to the
secondary coil. Here, the alternating magnetic field will induce
an alternating voltage in this coil with the same frequency as the
primary AC voltage. Transformers do not work with a constant
DC current supply. There will be a brief induced current when the
switch is turned off or on, but the constant DC supply does not
produce a changing magnetic flux in the primary coil and, hence,
no induced current in the secondary coil.

An AC voltage supplied to the primary coil produces an AC
voltage at the secondary coil, even though there is no electrical
connection between the two coils. How do the magnitudes of the primary and secondary voltages compare? In
other words, how do the RMS voltages compare?

FIGURE 7.5 A changing current, I, in the primary coil produces a changing magnetic field, B, in the iron core,
which is propagated through the iron core to the secondary coil, where the changing magnetic field induces a
changing emf in the secondary coil.
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7.3.4 Comparing voltages
When an AC voltage supply, V1, is connected to the primary coil, it produces a changing magnetic flux in the
iron core that will be proportional to the number of turns, N1, in the coil.

The iron core has constantly changing magnetic flux throughout, which is created by the primary coil. This
magnetic flux then passes through the secondary coil, producing an AC voltage at the terminals of the secondary
coil. So, applying Faraday’s Law to the primary coil gives:

V1=N1 × ΔΦBΔt
Applying it to the secondary coil gives:

V2=N2 × ΔΦBΔt
Combining these equations gives:

ΔΦBΔt = V1

N1

= V2

N2
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or

V1

V2

= N1

N2

where: V1 is the RMS voltage in the primary coil

V2 is the RMS voltage in the secondary coil

N1 is the number of turns in the primary coil

N2 is the number of turns in the secondary coil

step-up transformer the output
(secondary) voltage produced is
greater than the input (primary)
voltage

step-down transformer the output
(secondary) voltage produced is less
than the input (primary) voltage

ideal transformer a transformer
that is 100% efficient, meaning its
input power is equal to its output
power

This relationship means that two types of transformers can be built. One type,
which produces a secondary voltage greater than the primary, is called a step-up
transformer. In this, the number of secondary turns is greater than the number of
primary turns.

The other type is a step-down transformer, which features more primary turns than
secondary turns. It produces a smaller secondary voltage than the primary voltage.
Both types are used in the distribution of electricity from generator to home, and also
inside the home.

EXTENSION: As a matter of fact

Low-voltage lighting is now quite common in instances where 230 V AC would present a safety risk (for example,
Christmas tree lights or external garden lighting). In these cases, a step-down transformer converts the 230 V AC
down to a safer 12 V AC.

If there is no energy loss as the energy is transferred from the primary to the secondary side, then the power in
to the primary coil will equal the power out of the secondary coil, and the transformer is considered an ideal
transformer. Since power = voltage × current, this can be written as:

V1 × I1=V2 × I2, and hence:

N1

N2

= V1

V2

= I2
I1

where: V1 is the voltage in the primary coil

V2 is the voltage in the secondary coil

I1 is the current in the primary coil

I2 is the current in the secondary coil

N1 is the number of turns in the primary coil

N2 is the number of turns in the secondary coil

Note that the voltages can be RMS voltages, peak voltages or peak-to-peak voltages.
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In this relationship, the units used do not matter, as long as they are the same for both the primary and secondary
coil. This also applies to the voltage used — it needs to be consistent.

SAMPLE PROBLEM 3 Determining the number of turns in a secondary coil of a
step-down transformertlvd-9003

A step-down transformer is designed to convert 230 VRMS AC to 12 VRMS AC. If there are 190 turns in
the primary coil, how many turns are in the secondary coil?

THINK WRITE

1. List the known information. V1= 230 V;V2= 12 V;N1= 190 turns

2. Use the relationship
V1

V2

= N1

N2

to determine

the number of turns in the secondary coil.

V1

V2

= N1

N2

230

12
= 190

N2

N2 = 12× 190

230= 9.9
The secondary coil consists of approximately 10 turns.

PRACTICE PROBLEM 3

A generator supplies 10 kW of power to a transformer at 1.0 kV. The current in the secondary coil is
0.50 A. What is the turns ratio of the transformer? Is it a step-up or a step-down transformer?

EXTENSION: Household use of transformers

Australian houses are provided with AC electricity that has a value of 230 VRMS. Most electronic circuits are
designed to operate at low DC voltages of between 3 V and 12 V. Therefore, household appliances that have
electronic circuits in them will either have a ‘power-cube’ transformer that plugs directly into the power outlet
socket, or have transformers built into them.

Power-cube transformers can be found in rechargeable appliances such as mobile phone chargers and other
chargers, electric keyboards and laptop computers. You can probably find more in your own home. These
transformers also have a rectifier circuit built into them that converts AC to DC.

The RMS value of an AC voltage is a way of describing a voltage that is continuously changing. The voltage
actually swings between −325 V and +325 V at a frequency of 50 Hz. This voltage has the same heating effect on
a metal conductor as a DC voltage of 230 V; hence, it is usually described as 230 V.

Resources

Weblink Transformer applet
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EXTENSION: Ideal versus real transformers

FIGURE 7.6 This infrared photo shows that
heat is generated by a transformer. The red
areas are the hottest.

In an ideal transformer, the transformer is assumed to be
100% efficient and energy losses can be ignored. In reality,
all transformers lose some energy in transferring electric
power from the primary side to the secondary. This energy
loss occurs in two areas. The first area is in the wires that
make up the primary and secondary coils. This loss is called
either copper loss (because the wires are usually copper),
or resistive or I2R loss. This is resistive heat from the wires
heating up, so energy and power are lost in the coils. The heat
generated from a transformer can be seen in figure 7.6. The
loss is usually quite minor. If the transformer is being designed
to take large currents, the wires on that side would be made
thicker to take the high current and minimise the resistance.

The other area of energy loss in the transformer is in the iron
core. This loss is due to induced currents in the iron core.
These currents are called eddy currents, because they are
like the swirls, or eddies, left in the water after a boat has
gone by. Eddy currents are an application of Lenz’s Law. The magnetic fields set up by eddy currents oppose the
changes in the magnetic field acting in the regions of the metal objects.

The changing magnetic flux in the iron core produces a changing voltage in each of the turns of the secondary
coils. Iron is an electrical conductor, so it will behave in the same way as the turns of wire. A circular current will
be induced in the iron in a plane at right angles to the direction of the changing magnetic flux.

FIGURE 7.7 a. An eddy current induced in an iron core by a changing magnetic field, and b. putting the iron
core into layers reduces the currents.
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If the iron core was one solid piece of iron, these induced eddy currents would be quite substantial. As iron has a
low resistance, it would lead to large energy loss.

eddy current an electric current
induced in the iron core of a
transformer by changing magnetic
fields

To minimise this loss, the iron core is constructed of layers of iron sandwiched between
thin layers of insulation. These layers, called laminations, significantly reduce the energy
loss. In practice, transformers used to transmit large quantities of energy are about 99%
efficient.

INVESTIGATION 7.1
elog-1888

tlvd-8789

Linking coils

Aim

To investigate how the magnetic field of a current-carrying coil can induce a current in another coil
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INVESTIGATION 7.2
elog-1889

tlvd-8790

Transformer ins and outs

Aim

To use an AC input voltage across a primary coil to produce an AC output voltage in a secondary coil, and to
compare their values

Resources

Interactivity Transforming voltage and current (int-0118)
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7.3 Quick quiz 7.3 Exercise 7.3 Exam questions

7.3 Exercise

1. An ideal transformer has 100 turns in the primary coil and 2000 turns in the secondary coil. If the primary coil
was connected to 230 VRMS AC, what would be the voltage across the secondary coil?

2. A transformer has 300 turns in the primary coil and six turns in the secondary coil.
a. If 230 VRMS AC is connected to the primary coil, what will be the voltage across the secondary coil?
b. If the secondary voltage is 9.0 VRMS AC, what is the voltage across the primary coil?

3. Christmas tree lights need a transformer to convert the 230 VRMS AC to 12 VRMS AC.
a. If there are 50 coils on the 12 V secondary coil, how many turns are there in the primary coil?
b. If there are 20 globes connected in parallel to the secondary coil, each of 12 V and 5 W, what is the current

in the secondary coil?
c.What is the current in the primary coil, assuming the transformer is ideal?

4. Explain why a transformer does not work with a constant DC input voltage.
5. Why is the core of transformers made of an alloy of iron that is easy to magnetise?
6. A transformer is used to change 10 000 VRMS to 230 VRMS. There are 2000 turns in the primary coil.

a. What type of transformer is this?
b. How many turns are there in the secondary coil?

7. An ideal transformer has 400 turns in the primary coil and 900 turns in the secondary coil. The primary voltage
is 60 VRMS and the current in the secondary coil is 0.30 A.
a.What is the voltage across the secondary turns?
b.What is the power delivered by the secondary coils?
c.What is the current in the primary coil?

7.3 Exam questions

Question 1 (1 mark)
Source: VCE 2021 Physics Exam, Section A, Q.7; © VCAA

MC A mobile phone charger uses a step-down transformer to transform 240 V AC mains voltage to 5.0 V.
The mobile phone draws a current of 3.0 A while charging. Assume that the transformer is ideal and that all
readings are RMS.
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Which one of the following is closest to the current drawn from the mains during charging?
A. 48 A
B. 16 A
C. 1.2 A
D. 0.06 A

Question 2 (5 marks)
Source: VCE 2020 Physics Exam, Section B, Q.7; © VCAA

A rechargeable electric toothbrush uses a transformer circuit, as shown in Figure 7. A secondary coil inside
the toothbrush is connected, via an iron core, to a primary coil that is connected to the mains power supply.
The mains power is 240 VRMS and the toothbrush recharges at 12 VRMS. The average power delivered by the
transformer to the toothbrush is 0.90 W. Assume that the transformer is ideal.

toothbrush

12 VRMS

secondary coil

inside toothbrush

primary coil

iron core

Figure 7

transformer circuit to

recharge toothbrush

240 VRMS

a. Calculate the peak voltage in the secondary coil. Show your working. (2 marks)

b. Determine the ratio of the number of turns
Np

Ns

. (1 mark)

c. Calculate the RMS current in the primary coil while the toothbrush is charging. Show your working. (2 marks)

Question 3 (1 mark)
Source: VCE 2019, Physics Exam, Section A, Q.5; © VCAA

MC A 40 VRMS AC generator and an ideal transformer are used to supply power. The diagram below shows the
generator and the transformer supplying 240 VRMS to a resistor with a resistance of 1200 Ω.

40 VRMS AC 1200 Ω

6000 turns1000 turns

X Y

transformer

Which of the following correctly identifies the parts labelled X and Y, and the function of the transformer?
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Part X Part Y Function of transformer
A. primary coil secondary coil step-down

B. primary coil secondary coil step-up

C. secondary coil primary coil step-down

D. secondary coil primary coil step-up

Question 4 (1 mark)
Source: VCE 2019, Physics Exam, Section A, Q.6; © VCAA

MC Refer to the information in question 3.

Which one of the following is closest to the RMS current in the primary circuit?
A. 0.04 A
B. 0.20 A
C. 1.20 A
D. 1.50 A

Question 5 (4 marks)
Source: Adapted from VCE 2015, Physics Exam, Section A, Q.14.b; © VCAA

Electricians use an oscilloscope to observe the following signal, as shown in the figure.
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Determine the RMS voltage of the incoming high-voltage input to the transformer. Show your working.

More exam questions are available in your learnON title.
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7.4 Power distribution and transmission line losses

KEY KNOWLEDGE

• Analyse the supply of power by considering transmission losses across transmission lines

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

7.4.1 Transmission of power
The power loss in the transmission lines is equal to Ploss=VI= I 2R, where V is the voltage drop across the
lines, I is the current through the lines and R is the resistance of the wires. Be careful not to confuse the voltage
drop in the transmission lines with the voltage supplied from the generator. In order to minimise power loss in
the transmission wires, large amounts of power produced by the generator need to be transmitted using a very
low current. Development of the transformer meant that the AC supply voltage from the generator could be
connected to a step-up transformer, allowing transmission lines to increase the voltage supplied by the generator
and decrease the current, and so reduce energy loss in the transmission lines.

However, at the other end of the transmission line, the high voltage supplied would be unsuitable, and possibly
dangerous, for domestic appliances. So a step-down transformer is used to bring the voltage back down to a safe
level for home use.

FIGURE 7.7 Supplying power from a generator to the home

Generator

Step-up transformer

P1 = P2

V1 I1 = V2 I2

Step-down transformer

P3 = P2 – Ploss = P4

V3 I3 = V4 I4

P1 = V1 I1 P4 = V4 I4

P4 HomeP3P2P1

Ploss = (I2)
2 R

In Victoria, electricity is generated at a variety of voltages. In Yallourn, the voltage is 20 000V (20 kV). In
Newport, the generating voltage is 24 000V. From the various generators around Victoria, the voltage is stepped
up to 500 kV to transmit the electrical energy over the long distances to Melbourne.

When the cables reach the outskirts of Melbourne, the high voltage is stepped down to 66 kV for distribution
within the suburban area.

The high-voltage transmission line feeds several outer suburban terminal stations, each of which passes
the current to several zone substations, which again, step down the voltage using transformers and split
the distribution voltage to go in different directions. These substations can also be disconnected from the
transmission grid, allowing for sections to be turned off when required. These substations each connect to
hundreds of pole transformers, which then connect to hundreds of homes. As the distribution system spreads
further and further down to the domestic consumer, the voltage in the transmission line at each stage gets less
and less. Finally, pole transformers step down the voltage to 230V for domestic use.
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Figure 7.8 A transformer at a substation Figure 7.9 A pole transformer

TABLE 7.1 Typical voltages in different sections of the transmission system

Section of transmission system Voltages

Major power tower or switchyard to terminal
substation

220 kV, 330 kV or 500 kV

Terminal substation to zone substation 66 kV

Zone substation to pole-type transformer or
underground transformer

22 kV

Pole-type transformer to house 230V single phase, or 400V for a three-phase supply

This means that the cables in each section need to be designed to handle the current in that section in a cost-
effective way, maximising energy transfer while minimising the cost of doing so. To minimise energy loss, the
resistance of the cable needs to be made as small as practicable.

FIGURE 7.10 Victoria’s power system — a representation

Power station

(generation at 20 kV)

Hydro station

Terminal station (330 kV)Transmission

system (500 kV)

Zone substation

(one in every

suburb and in most

country centres, 66 kV

to 11 kV and 22 kV)

Switchyard

(step-up transformer, 220 kV)

Sub-transmission

lines (66 kV)

Ground level transformer

rectifier (AC to DC)

(tram 600 V, train 1500 V)

Street mains

Pole type

transformer 

station

(11 000 to

400/230 V)

Transformer

cubicle

Service wires

Underground street

mains and services
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TABLE 7.2 Ways to reduce resistance

Method Effect
Make the wires thicker This increases the cost of the material in the wire and the cost of the pole to hold

up the heavier wire.

Use a better conductor Metals differ in their electrical conductivity and in their economic value as a metal.
Very good conductors such as gold and silver are too expensive to use as wires.

Imagine that 400 MW of power was available to be transmitted along a transmission line of 4.0 Ω. How would
the power losses due to the resistance of the transmission line vary with the voltage across the transmission line?
The following table shows some typical values.

TABLE 7.3 Transmission of 400 MW at different voltages in a transmission line with 4.0 Ω resistance

Transmission voltage 1000 kV 500 kV 220 kV 66 kV

Current
(

I= Ptot

V

)

400 A 800 A 1800 A 6100 A

Power loss
(

Ploss= I2R
)

640 kW 2.6 MW 13 MW 150 MW

Power loss (%) 0.2% 0.6% 3.3% 37%

EXTENSION: History of power transmission

Electric power was first transmitted in 1882 by Thomas Edison in New York and by St George Lane-Fox in
London, both using a DC system (connected to a DC generator) for street lighting. The transmission was at low
voltage with considerable transmission power line losses, and so limited to short distances.

Later that decade, George Westinghouse purchased patents for AC generators. His company also improved the
design of transformers and developed an AC-based transmission system. In 1886, these new developments
allowed power to be transmitted over a distance of a kilometre, stepping up the voltage to 3000V and then
stepping it down to 500V.

In the 1800s there was much debate on the relative efficiency of the AC and DC transmission systems as well as
on their environmental effects. Currently, AC systems are mostly used. By 1898, there was a 30000-V,
120-km line and, by 1934, the voltage was up to 287 000V over 430 km. During World War II, German scientists
developed 380 000V and overcame the effect of electrical discharge by using double cables.

During the 1960s, transmission voltages reached 765 000V. Future voltages are expected to be at 1 000 000V.

SAMPLE PROBLEM 4 Determining the current, voltage drop and power loss in cables
attached to a generatortlvd-9004

a. A 20.0-kW, 400-VRMS diesel generator supplies power for the 400-VRMS lights on a film set at an
outside location. The 500-m transmission cables have a resistance of 5.00 Ω.
i. What is the current in the cables?
ii. What is the voltage drop across the transmission cables?
iii. What is the power loss in the cables as a percentage of the power supplied by the generator?
iv. What is the voltage supplied to the lighting?

b. Repeat the calculations in part a, but this time increase the generator voltage by a factor of 20 and,
prior to connection to the lights, reduce the voltage by a factor of 20.
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THINK WRITE

a. i. 1. Draw a diagram showing all known
information.

a. i.

Generator Lighting

Transmission

lines

500 m

R = 5.00 Ω

V = 400 V

P = 20.0 kW

2. The current in the cables is equal to the
current coming from the generator. For
the generator:
P = 20 000 W; V = 400 V. Use P = VI
to determine the current through the
cables.
(Note: Using V = IR with V = 400 V
and R = 5.0 Ω is incorrect because
400 V is the voltage supplied by the
generator, it is not the voltage drop
across the cables.)

P = VI

I = P

V= 20 000

400= 50.0A
The current through the cables is 50.0 A.

ii. In the cables, I = 50 A and R = 5.0 Ω.
Use V = IR to determine the voltage
drop across the cables.

ii. V = IR= 50.0× 5.00= 250V
The voltage drop across the cables is 250 V.

iii. 1. In the cables, I = 50 A and R = 5.0 Ω.
Use Ploss = I2R to determine the power
lost in the cables.
(Note: This answer could have been
obtained by using P = VI, with
V = 250 V from solution ii; however,
there is a risk that 400 V may be used
by mistake, so it is better to use I2R.)

iii. Ploss = I2R= 50.0× 50.0× 5.00= 12 500W

2. Determine the power loss as a
percentage of the power supplied by
the generator.

%Ploss = 12 500

20 000
× 100

1= 62.5%
iv. The voltage supplied by the generator

is shared between the transmission
cables and the lights:
Vgenerator=Vcables+Vlights

where Vgenerator = 400 V and
Vcables = 250 V.

iv. Vgenerator = Vcables+Vlights

Vlights = Vgenerator−Vcables= 400V− 250V= 150V
At this distance, the voltage drop across the
cables is too much to leave sufficient voltage
to operate the lights at their designated voltage.
Given the noise of the generators, they cannot be
moved closer. Therefore, step-up and step-down
transformers with turns ratios of 20 are used to
reduce the power loss in the cables and increase
the voltage at the lights.
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b. i. 1. Draw a diagram showing all known
information.

b. i.

Generator Lighting

Turns ratio

1:20

Turns ratio

20:1

Rtot = 5.00 Ω

V = 400 V

P = 20.0 kW

2. Determine the voltage in the secondary
coil of the step-up transformer.

V1

V2

= N1

N2
400

V2

= 1

20
V2 = 20× 400= 8000V

3. The current in the cables is equal to
the current coming from the secondary
coil of the step-up transformer. Use
P = VI to determine the current in the
secondary coil of the transformer, and
hence the cables, assuming an ideal
transformer.

P1=P2= 20 000W;V2= 8000V
P1 = P2=V2I2

I2 = P1

V2= 20 000

8000= 2.50A
ii. In the cables, I = 2.50 A and

R = 5.00 Ω. Use V = IR to determine
the voltage drop across the cables.

ii. V = IR= 2.50× 5.00= 12.5V
The voltage drop across the cables is 12.5 V.

iii. 1. In the cables, I = 2.50 A and
R = 5.00 Ω. Use Ploss = I2R to
determine the power loss.

iii. Ploss = I2R= 2.50× 2.50× 5.00= 31.3W

2. Determine the power loss as a
percentage of the power supplied by
the generator.

% Ploss = 31.25
20 000

× 100

1= 0.156%
This is

(

1

20

)2

or
1

400
of the original power loss!

This is an impressive reduction.

iv. 1. The voltage supplied to the primary
coil of the step-down transformer is the
voltage from the secondary coil of the
step-up transformer minus the voltage
drop across the cables.

iv. Voltage supplied to the step-down transformer is
therefore:
8000V – 12.5V = 7987.5V
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2. Determine the voltage in the secondary
coil of the step-down transformer.

V1

V2

= N1

N2

7988

V2

= 20

1

V2 = 7987.5
20= 399.375V≈ 400V

PRACTICE PROBLEM 4

a. A remote community uses a 50.0-kW, 250-VRMS generator to supply power to its hospital. The
power is delivered by a 100-m cable with total resistance of 0.200 Ω.
i. What is the current in the cables?
ii. What is the voltage drop across the transmission cables?
iii.What is the power loss in the cables as a percentage of the power supplied by the generator?
iv. What is the voltage supplied to the hospital?

b. Transformers with a turns ratio of 10:1 are installed. Repeat a with this new ratio.

EXTENSION: Transmission lines

In transmission lines, the current actually flows through the outer surface of the line to a depth of about 1 mm.
This is called the skin effect. It happens because the voltage is applied to the surface of the transmission line and
the effect of the voltage decreases exponentially with distance from the surface.

Transmission lines are bare, multi-layered, concentrically stranded aluminium cables with a core of steel or
reinforced aluminium for tensile strength. The advantages of having wires in a bundle over a single conductor
of the same area include lower resistance to AC currents, lower radio interference and audible noise, and better
cooling.

The smaller the sag in a transmission line, the greater will be the tension in the line. As the transmission lines
cool, they contract, producing greater tension. High winds also increase tension.

The cost of building a transmission line is very nearly proportional to the input voltage and to the length of the
line. The cost to transmit each unit of power is proportional to the length and inversely proportional to the square
root of the power. That is, if the power to be transmitted is quadrupled, it can be transmitted twice as far for the
same unit cost. It is therefore uneconomical to transmit power over a long distance unless a large quantity of
power is involved.

The cost of constructing a line underground rather than above ground ranges from eight times as much
(at 69 kV) to 20 times as much (at 500 kV). Underground cables are usually stranded copper, insulated with layers
of oil-soaked paper tape. Superconductive cables may make this a more economical proposition.

Basslink uses subsea cables to transmit high-voltage DC between Victoria and Tasmania.

7.4.2 Using Ohm’s Law wisely
The relationship V = IR (Ohm’s Law) is very useful. It can be applied in many situations in the same problem.
This usefulness can lead to error if Ohm’s Law is not applied wisely. The errors occur when students assume
that, having calculated a value for V, the same value can be used every time V = IR is used.
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Rather, V = IR should be remembered as:

Voltage across a section = current through the section × resistance of the section

So, in transmission line problems, the voltage across the output of the generator is different from the voltage
across the transmission lines, which is different, in turn, from the voltage across the load at the end of the lines.

A well-labelled diagram can help avoid this confusion.

FIGURE 7.11 An electric circuit with step-up and step-down transformers

Generator

Appliances

Step-up
transformer

Step-down
transformer

In any electric circuit, the total resistance determines how much current is drawn from the power supply. If there
are transformers in the circuit, this statement is still true, but there are different currents and voltages on each
side of the transformer.

As more appliances are turned on, there is a larger secondary current, which causes a larger primary current to
be drawn from the power supply. This means the secondary current drives the primary current. When all the
appliances are turned off, there is no secondary current and, so, no primary current.

However, the primary voltage determines the secondary voltage through the ratio of turns in the transformer.

With more appliances turned on, the current in the transmission lines between the transformers increases. The
increased voltage drop across these lines means there will be slightly less voltage across the primary turns of
the step-down transformer. This will result in a slight drop in the voltage for each of the appliances. This is a
scenario where Ohm’s Law can lead to errors in calculations, due to this additional voltage drop.

EXTENSION: Insulating transmission lines

In dry air, sparks can jump a distance of 1 cm for every 10 000 V of
potential difference. Therefore, a 330 kV line will spark to a metal tower
if it comes within a distance of 33 cm. In high humidity conditions, the
distance is smaller. To prevent sparks jumping from transmission lines
to the metal support towers, large insulators separate them from each
other. It is important that these insulators are strong and have high
insulating properties. Suspension insulators, as shown in
figure 7.12, are used for all high-voltage power lines operating
above 33 kV, where the towers or poles are in a straight line. Note
that the individual sections of the insulators are disc shaped. This
is because dust and grime collect on the insulators, making them
conductive when wet. Many wooden poles catch fire after the first rain
following a prolonged dry period because a current flows across wet,
dirty insulators. The disc shape of the insulator sections increases the
distance that a current has to pass over the surface of the insulator and
so decreases the risk. There is also less chance that dirt and grime will
collect on the undersides of the sections, and these are also less likely
to get wet.

FIGURE 7.12 Suspension
insulators are used in high-voltage
transmission lines

Disc shape of insulators

increases the leakage path

Transmission cable

Static dischargers
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7.4.3 The advantage of using AC power as a domestic power supply
AC power allows for the use of transformers to increase supply voltages. Transmitting the same power at a
higher voltage means less current through the transmission lines and hence less power lost in transmission.
Remember that transformers don’t work with batteries providing DC voltage (they can work if there is a varying
DC power supply), as there is no change in magnetic flux. In order to decrease the power lost in transmission
using DC power, the resistance of the transmission would need to be significantly reduced. This can be achieved
by increasing the cross-sectional area of the transmission wires, making them heavier and more expensive.

INVESTIGATION 7.3
elog-1890

Modelling power transmission

Aim

a. To investigate power loss through transmission lines
b. To investigate how the use of transformers in power distribution systems can minimise power loss

INVESTIGATION 7.4
elog-1891

Modelling power transmission using a spreadsheet

Aim

a. To investigate power loss through transmission lines
b. To investigate how the use of transformers in power distribution systems can minimise power loss

Resources

Interactivity Losing power (int-0119)

EXTENSION: High-voltage DC power transmission

High-voltage direct current (HVDC) transmission is also being used to transmit power over long distances. An
Australian example is Basslink (see figure 7.13), which connects the Tasmanian power grid to the Victorian power
grid using a 370-km cable under Bass Strait. The transmission voltage is 400 kV. It has been operating since
2006, and provides power from the Tasmanian grid to Victoria and from there to the national grid when there are
high demands on power use, for example during heatwaves.

Because it uses direct current, transformers are not used to increase the voltage and decrease the current.
Instead, devices called voltage source converters are used to increase and decrease voltages.

Advantages of HVDC transmission include that it is more stable and that both networks involved do not have to
operate on the same frequency nor be synchronised.
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FIGURE 7.13 The Basslink Interconnector

Resources

Video eLesson Transmission of power (eles-3519)
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7.4 Quick quiz 7.4 Exercise 7.4 Exam questions

7.4 Exercise

1. An isolated film set uses a 50-kW generator to produce electricity for lighting and other purposes at 250 VRMS.
The generator is connected to lights approximately 100 m away by transmission cables with a combined
resistance of 0.30 Ω.
a. When the generator is operating at full capacity, what current does it supply?
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b.What is the power loss in the transmission cables?
c.What is the total drop in voltage across the two cables connected by the generator?
d.What is the voltage supplied to the lights?
e. Two transformers with a turns ratio of 20 are used to first step up the voltage from the generator to the

cables, and then to step it down from the cables to the lights. Using this new information, answer parts
b to d again.

2. A house is some distance from the power lines and the connecting cables have a resistance of 0.20Ω. The
appliances in this house would, if all turned on and connected to a power supply of 230VRMS, draw a current
of 40A.
a.What is the equivalent resistance of the circuit connected to the power lines?
b.What is the equivalent resistance of the appliances in the house when they are all turned on?
c. If the voltage at the power lines is 230V AC, what is the voltage at the house?
d. A 20 kW workshop that operates off the 230V supply is installed in the garage in parallel to the house.

i. Calculate the resistance of the workshop.
ii. Calculate the equivalent resistance of the circuit including the house and workshop in parallel.
iii. Calculate the current in the workshop.
iv. Calculate the total current in the transmission lines.

e. Calculate the voltage drop
i. across transmission lines
ii. at the house with the workshop.

The owners now decide to install a step-up transformer and a step-down transformer, each with a turns ratio
of 10 ∶1, at either end of the transmission lines.
f. If the system draws 120A from the grid at 230V, will the voltage at the house and the garage be within 1%

of 230V for the appliances to work properly?
g. At night, the workshop is turned off. Will the voltage at the house increase, decrease or remain unchanged?

Give reasons.
3. A generator at a power station produces 220 MW at 23 kV. The voltage is then stepped up to 330 kV. The

power passes along transmission lines with a total resistance of 0.40 Ω.
a. What is the current in the transmission lines?
b.What is the power loss in the transmission lines?
c. What is the voltage drop across them?
d.What voltage and power is available to the step-down transformer located at the end of the transmission

lines?
4. The maximum electrical power that the generator at a power station can deliver is 500 MW at a voltage of

40 kV. This power is to supply the electricity needs of a distant city. Transmission lines connecting the station
to the city have a total resistance of 0.80 Ω. At the city, the transmission lines are connected to a series of
step-down transformers that reduce the voltage to 230 V.
a.What percentage of the power delivered by the power station is lost in the transmission lines?
The power loss can be reduced by stepping up the voltage at the generator with a transformer. At the
substations on the city’s outskirts, the voltage is stepped down. The voltage could be stepped up to 400 kV
using a transformer with a turns ratio of 1:10. The same transmission lines could be used, but they would
need to be raised higher off the ground and be better insulated at each pole.
b.What would be the effect on the power loss in the transmission lines?

7.4 Exam questions

Question 1 (4 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.6; © VCAA

A laptop computer requires a transformer to reduce the voltage to its rechargeable battery while the battery
is charging. The power point supplies an RMS voltage of 240V and delivers an RMS current of 0.35A. The
transformer converts the voltage to an RMS voltage of 8.0V. Assume that the transformer is ideal.

a. Calculate the ratio of the number of turns
NP

NS

. Show your working. (2 marks)

b. Calculate the RMS current delivered by the power point while the battery is charging. (2 marks)
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Question 2 (8 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.4; © VCAA

An electrician is installing a power supply to a yard located 500m from a farmhouse in order to operate a
240VRMS, 480W light globe, as shown in Figure 4. The connecting wires have a total resistance, RT, of 40Ω.
At the farmhouse, the electrician provides the required input voltage, Vin, to the connecting wires for the light
globe to operate at 240VRMS and 480W.

yard

farmhouse
RT = 40 Ω

Vin

Figure 4

light globe
240 VRMS

480 W

a. When the light globe is operating at 240VRMS and 480W, what is the power loss in the connecting wires?
Show your working. (2 marks)

b. Calculate the RMS voltage of Vin . Show your working. (3 marks)
c. To reduce the power loss in the connecting wires, the electrician changes the input voltage, Vin , and installs

an 8 ∶1 step-down transformer at the yard. After these changes, the light globe still operates at 240VRMS and
480W, as shown in Figure 5.

yard

farmhouse
Vin

Figure 5

8:1

light globe
240 VRMS

480 W

Calculate the RMS power loss in the connecting wires for this new situation. Show your working. (3 marks)

Question 3 (12 marks)
Source: VCE 2018, Physics Exam, Section B, Q.5; © VCAA

A Physics class is investigating power loss in transmission lines.

The students construct a model of a transmission system. They first set up the model as shown in Figure 7.
The model consists of a variable voltage AC power supply, two transmission lines, each of 4.0 Ω
(total resistance = 8.0 Ω), a variable ratio transformer, a light globe and meters as needed. The purpose of the
model is to operate the 4.0 V light globe.

A variable ratio transformer is one in which the ratio of turns in primary windings to turns in secondary windings
can be varied. The resistance of the connecting wires can be ignored.

AC

transmission

Figure 7

4.0 Ω

4.0 Ω

lines

variable voltage

power supply
4.0 V light globe

V A

V
A

variable ratio

transformer
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In their first experiment, the transformer is set on a ratio of 4:1 and the current in the transmission lines is
measured to be 3.0 A. The light globe is operating correctly, with 4.0 VRMS across it.
a. Calculate the power dissipated in the light globe. Show your working. (2 marks)
b. Calculate the voltage output of the power supply. Show your working. (3 marks)
c. Calculate the total power loss in the transmission lines. Show your working. (2 marks)
d. In a second experiment, the students set the variable ratio of the transformer at 8:1 and adjust the variable

voltage power supply so that the light globe operates correctly, with 4.0 VRMS across it.
Calculate the total power loss in the transmission lines in this second experiment. Show your working.

(3 marks)
e. Suggest two reasons why high voltages are often used for the transmission of electric power over long

distances. (2 marks)

Question 4 (4 marks)
Source: VCE 2017, Physics Exam, Section B, Q.6; © VCAA

Figure 5 shows a generator at an electrical power station that generates 100 MWRMS of power at 10 kVRMS AC.

Transformer T1 steps the voltage up to 500 kVRMS AC for transmission through transmission wires that have a
total resistance, RT, of 3.0 Ω. Transformer T2 steps the voltage down to 50 kVRMS AC at the substation. Assume
that both transformers are ideal.

generator substation

transmission wires

Figure 5

T1 T2

100 MW at 10 kV 500 kV 50 kV

RT = 3.0 Ω

a. The current in the transmission lines is 200 A.
Calculate the total electrical power loss in the transmission wires. (2 marks)

b. Transformer T1 stepped the voltage up to 250 kVRMS AC instead of 500 kVRMS AC.
By what factor would the power loss in the transmission lines increase? (2 marks)

Question 5 (12 marks)
Source: VCE 2016, Physics Exam, Section B, Q.16; © VCAA

Ruby and Max are investigating the transmission of electric power using a model system, as shown in Figure 20a.
The circuit is shown in Figure 20b.

transmission lines

Figure 20a

to 18 V DC supply

B

A
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1.5 Ω

1.5 Ω

Figure 20b

9 Ω

Globe BGlobe A

9 Ω

18 V DC

supply

total resistance of

transmission line = 3Ω

Ruby and Max use an 18 V DC power supply, as shown in Figure 20b. The two transmission lines have a total
resistance of 3.0 Ω. Assume that the resistance of the globes is constant at 9.0 Ω and that the other connecting
wires have zero resistance.
a. Calculate the power delivered to Globe A. (2 marks)
b. Calculate the total voltage drop over the transmission lines. Show your working. (2 marks)
c. Calculate the power delivered to Globe B. Show your working. (3 marks)

Ruby has noticed that the voltage supply to houses is AC and that there are transformers involved (on street
poles and at the fringes of the city). Ruby and Max next investigate the use of transformers to reduce power
losses in transmission.

Ruby and Max have two transformers available – a 1:10 step-up transformer and a 10:1 step-down transformer.

d. Redraw the circuit in Figure 20b with an 18 V AC supply and with the transformers correctly connected. Label
the transformers as step up and step down. (2 marks)

e. Explain why the transformers would reduce the transmission losses. Your answer should include reference to
key physics formulas and principles. (3 marks)

More exam questions are available in your learnON title.
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Step-up transformer

Step-down transformer
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not lose energy

Real transformers lose
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7.5.2 Key ideas summary

7.5.3 Key terms glossary

Resources

Solutions Solutions — Topic 7 (sol-0821)

Practical investigation eLogbook Practical investigation eLogbook — Topic 7 (elog-1638)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 7 (doc-37177)
Key ideas summary — Topic 7 (doc-37178)

Exam question booklet Exam question booklet — Topic 7 (eqb-0104)
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7.5 Review questions
1. A 24-W globe is operated from a 6.0-VRMS alternating current supply.

a. Determine the resistance of the globe when it is in operation.
b. Determine the peak value of the supply voltage.

2. A device uses a 40-W globe that operates at 18 VRMS. The device is plugged into the 240-VRMS household
supply, and an ideal transformer is used to convert the 240 VRMS to 18 VRMS for the globe. The secondary coil
of the transformer has 30 turns.

a. Determine the number of turns in the primary coil of the transformer.
b. Determine the current flowing in the primary coil when the device is operating.

3. A transformer has a primary coil with 30 turns and a secondary coil with 1150 turns. If the primary voltage to
the transformer is 110 VRMS, what is the secondary voltage?

4. An electrical appliance requires a 1200-VRMS supply for its operation. A transformer allows the appliance
to operate from a 240-VRMS supply. Determine the ratio of the number of turns in the secondary coil to the
number of turns in the primary coil for the transformer.

5. In the model of an AC transmission system shown in the following diagram, the ‘transmission lines’ consist
of two wires, each with a constant resistance of 2.0 Ω.
The connecting wires from the power supply to the transmission lines and from the transmission lines to the
globe have negligible resistance. The output of the power supply is set to 12.4 VRMS AC. A 5:1 step-down
transformer (assumed to be ideal) is used at the other end. The output of the transformer is connected to a
globe. The globe is operating at 2.0 VRMS and 6.0 W.

396 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Power supply Transformer

Globe
2.0 Ω

2.0 Ω

Transmission lines

12.4 VRMS AC

a. The primary coil of the 5:1 step-down transformer has 2000 turns. How many turns does the secondary coil
have?

b. With the experiment set up as shown in the diagram, what is the power loss in the transmission lines?
c. Determine the power delivered at each of the following points:

i. At the input to the primary coil of the transformer
ii. At the output of the 12-VRMS power supply.

d. What would be observed at the globe if the 18-VRMS AC power supply is replaced by an 18-V battery?

6. Consider the following electrical circuit:

Mains

240 VRMS

Primary

coil

Secondary

coil

Load

Primary coil: Vp RMS = 240 VRMS

Secondary coil: Vs RMS = 13 VRMS

Is RMS = 2.7 ARMS

Assuming the transformer is ideal, calculate the RMS current in the primary coil.

7. A transformer is connected to a substation through wires with a total resistance of 4.0 Ω, as shown in the
following diagram. This transformer supplies a town with electricity at 240 VRMS, at a rate of 400 kW. The
transformer (assumed ideal) has an input voltage of 8.0 × 103 VRMS.

Substation

Transformer

To town240 VRMS
8.0 × 103 VRMS

2.0 Ω

2.0 Ω

a. If the secondary winding of the transformer has 60 turns, how many turns are there on the primary
winding?

b. Determine the RMS current in the wires from the substation to the transformer.
c. What is the power loss in the wires between the substation and the local area transformer?
d. At what voltage is electricity supplied from the substation?
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7.5 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 2022 Physics Exam, NHT, Section A, Q.5; © VCAA

The ratio of the number of turns in an ideal step-up transformer is 350 ∶1. An alternating RMS current of 30.0mA
is supplied to the primary coil.

The RMS current in the output will be closest to

A. 0mA

B. 0.086mA

C. 30.0mA

D. 1.1×104mA

Question 2

Source: VCE 2021 Physics Exam, NHT, Section A, Q.6; © VCAA

The mains voltage in a particular part of Australia is AC with a voltage of 240VRMS.

Which one of the following is closest to the peak-to-peak voltage, Vp−p, for this main voltage?

A. 170V

B. 340V

C. 480V

D. 680V

Question 3

Source: VCE 2021 Physics Exam, NHT, Section A, Q.7; © VCAA

Electrical power stations are often situated far from the cities that require the power that they generate. Which one
of the following best describes the reason for the high-voltage transmission of electrical energy?

A. Transformers can be used to increase the voltage in the cities.

B. High voltages reduce the energy losses in the transmission lines.

C. High voltages provide the large currents needed for efficient transmission.

D. High voltages can reduce the overall total resistance in the transmission lines.

Question 4

Source: VCE 2019 Physics Exam, NHT, Section A, Q.2; © VCAA

A powerline carries a current of 1000A DC in the direction east to west. At the point of measurement, Earth’s
magnetic field is horizontally north and its strength is 5.0×10−5 T.
Which one of the following best gives the direction of the electromagnetic force on the powerline?

A. horizontally west

B. horizontally north

C. vertically upwards

D. vertically downwards
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Question 5

Source: VCE 2019 Physics Exam, NHT, Section A, Q.3; © VCAA

A powerline carries a current of 1000A DC in the direction east to west. At the point of measurement, Earth’s
magnetic field is horizontally north and its strength is 5.0×10−5 T.
The magnitude of the force on each metre of the powerline is best given by

A. 5.0×103 N
B. 5.0×102 N
C. 5.0×10−2 N
D. 5.0×10−5 N

Question 6

Source: VCE 2019 Physics Exam, NHT, Section A, Q.5; © VCAA

A light globe operates at 12VRMS AC that is supplied by a 240V to 12V transformer connected to a 240VRMS

mains supply.

In the transformer, the ratio of turns in the primary (input) to turns in the secondary (output) is

A. 20 ∶1
B. 1 ∶20
C. 28 ∶1
D. 1 ∶28

Question 7

Source: VCE 2019 Physics Exam, NHT, Section A, Q.6; © VCAA

A light globe operates at 12VRMS AC that is supplied by a 240V to 12V transformer connected to a 240VRMS

mains supply.

If the light globe is to be operated using a battery instead of the mains supply, what voltage should the battery
have for the light globe to operate correctly?

A. 12V

B. 17V

C. 8.5V
D. 6.0V

Question 8

Source: VCE 2018 Physics Exam, NHT, Section A, Q.5; © VCAA

A step-down transformer is used to convert 240VRMS AC to 16VRMS AC.

Assume that the transformer is ideal.

Which one of the following best gives the peak voltage of the input to the transformer?

A. 171V

B. 240V

C. 339V

D. 480V
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Question 9

Source: VCE 2018 Physics Exam, NHT, Section A, Q.6; © VCAA

A step-down transformer is used to convert 240VRMS AC to 16VRMS AC.

Assume that the transformer is ideal.

The ratio of turns in the primary (input) to turns in the secondary (output) is best given by

A. 15 ∶1
B. 1 ∶15
C. 24 ∶1
D. 1 ∶24

Question 10

Source: VCE 2018 Physics Exam, NHT, Section A, Q.7; © VCAA

A step-down transformer is used to convert 240VRMS AC to 16VRMS AC.

Assume that the transformer is ideal.

The power input to the primary of the transformer is 30W.

Which one of the following best gives the RMS current in the secondary (output)?

A. 0.50A
B. 1.9A
C. 8.0A
D. 15A

Section B — Short answer questions

Question 11 (7 marks)

Source: VCE 2021 Physics Exam, Section B, Q.7; © VCAA

The generator of an electrical power plant delivers 500 MW to external transmission lines when operating at
25 kV. The generator’s voltage is stepped up to 500 kV for transmission and stepped down to 240 V 100 km away
(for domestic use). The overhead transmission lines have a total resistance of 30.0 Ω. Assume that all
transformers are ideal.

a. Explain why the voltage is stepped up for transmission along the overhead transmission lines. (2 marks)

b. Calculate the current in the overhead transmission lines. Show your working. (2 marks)

c. Determine the maximum power available for domestic use at 240 V. Show all your working. (3 marks)

Question 12 (16 marks)

Source: VCE 2020 Physics Exam, Section B, Q.18; © VCAA

Students are modelling the effect of the resistance of electrical cables, r, on the transmission of electrical power.
They model the cables using the circuit shown in Figure 18.

400 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Figure 18

A

resistance of electrical cables, r

24 V
DC

power supply

(modelling

mains power)

constant

resistance

globe, R

a. The 24 VDC power supply models the mains power.
Describe the effect of increasing the resistance of the electrical cables, r, on the brightness of the constant
resistance globe, R. (2 marks)

b. The students investigate the effect of changing r by measuring the current in the electrical cables for a range
of values. Their results are shown in Table 1 below.

Table 1

Resistance of cables, r (Ω) Current in cables, i (A)
1

i

(

A−1)
2.4 2.4
3.6 2.0
6.4 1.7
7.6 1.5
10.4 1.3

Identify the dependent and the independent variables in this experiment. Give your reasoning. (2 marks)

c. To analyse the data, the students use the following equation to calculate the resistance of the cables for the
circuit.

r= 24

i
−R

Show that this equation is true for the circuit shown in Figure 18. Show your working. (2 marks)

d. Calculate the values of
1

i
and write them in the spaces provided in the last column of Table 1. (2 marks)

e. Plot a graph of r on the y-axis against
1

i
on the x-axis on the grid provided below. On your graph:

• choose an appropriate scale and numbers for the x-axis
• draw a straight line of best fit through the plotted points
• include uncertainty bars (± x-direction only) of ±0.02 A–1.(Uncertainty bars in the y-direction are not
required.) (6 marks)
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f. Use the straight line of best fit to find the value of the constant resistance globe, R. Give your reasoning.
(2 marks)

Question 13 (7 marks)

Source: VCE 2019, Physics Exam, Section B, Q.6; © VCAA

A home owner on a large property creates a backyard entertainment area. The entertainment area has a
low-voltage lighting system. To operate correctly, the lighting system requires a voltage of 12 VRMS. The lighting
system has a resistance of 12 Ω.

a. Calculate the power drawn by the lighting system. (1 mark)

To operate the lighting system, the home owner installs an ideal transformer at the house to reduce the voltage
from 240 VRMS to 12 VRMS. The home owner then runs a 200 m long heavy-duty outdoor extension lead, which
has a total resistance of 3 Ω, from the transformer to the entertainment area.

b. The lights are a little dimmer than expected in the entertainment area.
Give one possible reason for this and support your answer with calculations. (4 marks)

c. Using the same equipment, what changes could the home owner make to improve the brightness of the
lights? Explain your answer. (2 marks)

Question 14 (10 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.7; © VCAA

Angela and Janek are installing two low-voltage lights in their outdoor garden. They have a 240VRMS AC
transformer with an output voltage of 12VRMS. Each light has a constant resistance of 6.0Ω. For the purposes of
calculations, assume that the transformer is ideal.

a. Describe what is meant by an ideal transformer in terms of the input power and the output power. (1 mark)

b. Calculate the ratio of the number of turns of the primary coil to the number of turns of the
secondary coil. (1 mark)

c. Each light is designed to operate at 12VRMS.
Calculate the power dissipated in one light when it is operated at 12VRMS. Show your working.
Angela and Janek now connect the first light, Light 1, to the transformer using two wires, each 12.0m long, as
shown in Figure 9. Each wire has a resistance of 0.05Ω per metre. (2 marks)
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Light 1

12.0 m

transformer

Figure 9

12 VRMSAC240 VRMSAC

d. Calculate the RMS voltage across Light 1. Show your working. (3 marks)

e. Angela and Janek now connect the second light, Light 2, directly across the secondary coil of the transformer,
as shown in Figure 10.

Light 1Light 2

12.0 m

transformer

Figure 10

They thought that with the circuit shown in Figure 10, Light 1 and Light 2 would be equally bright. However,
they observed that Light 2 was brighter than Light 1.
Explain why Light 2 was observed to be brighter than Light 1. (3 marks)

Question 15 (7 marks)

Source: VCE 2022 Physics Exam, Section B, Q.5; © VCAA

A wind generator provides power to a factory located 2.00 km away, as shown in Figure 5.

When there is a moderate wind blowing steadily, the generator produces an RMS voltage of 415V and an RMS
current of 100A.

The total resistance of the transmission wires between the wind generator and the factory is 2.00Ω.

wind generator

415 V

factory

100 A

2.00 km

Figure 5

To operate correctly, the factory’s machinery requires a power supply of 40 kW.

a. Calculate the power, in kilowatts, produced by the wind generator when there is a moderate wind blowing
steadily. (1 mark)

b. Determine whether the energy supply system, as shown, will be able to supply power to the factory when the
moderate wind is blowing steadily. Justify your answer with calculations. (3 marks)
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c. The factory’s owner decides to limit transmission energy loss by installing two transformers: a step-up
transformer with a turns ratio of 1 ∶10 at the wind generator and a step-down transformer with a turns ratio of
10 ∶1 at the factory. Each transformer can be considered ideal.
With the installation of the transformers, determine the power, in kilowatts, now supplied to the
factory. (3 marks)
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UNIT 3 | AREA OF STUDY 3 REVIEW

AREA OF STUDY 3 How are fields used in electricity
generation?

OUTCOME 3

Analyse and evaluate an electricity generation and distribution system.

PRACTICE EXAMINATION

STRUCTURE OF PRACTICE EXAMINATION
Section Number of questions Number of marks

A 20 20

B 4 20

Total 40

Duration: 50 minutes
Information:

• This practice examination consists of two parts. You must answer all question sections.
• 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

SECTION A — Multiple choice questions

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

Use the following information to answer questions 1 and 2:
A circular conducting coil with 80 loops is placed inside a magnetic field with a field strength of 0.09 T. The area of
the circular coil is 38 cm2.

B = 0.09 T
A = 38 cm

2

1. What is the magnetic flux through the loop?
3.4×10−4 WbA. 2.7×10−2 WbB.
3.4 WbC. 2.7×102 WbD.
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2. The coil is moved to the left and taken completely out of the magnetic field in a time of 0.35 s. Calculate the
magnitude of the EMF induced in the coil.

A. 9.8×10−4 V
B. 9.6×10−3 V
C. 7.8×10−2 V
D. 2.7×10−1 V

3. The magnetic flux through a square loop conductor as it changes over time is plotted on a graph as shown in
the following diagram:

Time

�

What is the expected graph of the EMF induced in the square loop conductor?

Time

EMF
A.

Time

EMF
B.

Time

EMF
C.

Time

EMF
D.

Use the following information to answer questions 4 and 5:
A permanent magnet is allowed to drop, entirely due to gravity, through a circular metal ring with its south pole
going down first, as shown in the following diagram:

S

4. All of the following actions will increase the magnitude of the EMF generated in the metal ring except:

A. increasing the strength of the magnet.

B. dropping the magnet from a greater height.

C. using a different metal with lower electrical resistance.

D. increasing the size of the circle.

5. Viewed from above the ring, what is the direction of the generated current, if any?

A. Clockwise

B. Anticlockwise

C. No current generated, only an EMF

D. Cannot be determined, as additional information needed; for example, the resistance of the metal ring
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6. Which of the following statements is correct?

A. Slip rings maintain a continuous electrical connection with the spinning loop and are used when a DC
output is required.

B. A split ring commutator is a device used to convert alternating current into direct current.

C. Motors convert mechanical energy into electrical energy.

D. A split ring commutator reverses the direction of the coil’s current every revolution of the loop.

Use the following information to answer questions 7 and 8:
A solenoid is used to create a magnetic field to the left of a circular metal ring, as shown in the following diagram.
When the solenoid circuit is switched on, the solenoid becomes ‘active’.

7. The solenoid circuit is initially active and then it is switched off. Viewed from the left of the ring, what is the
direction of the generated current, if any?

A. Clockwise

B. Anticlockwise

C. No current generated as the solenoid is no longer active

D. Cannot be determined, additional information needed, for example, the strength of the solenoid’s
magnetic field

8. Which of the following actions will not induce an EMF in the metal ring?

A. Switching on an inactive solenoid circuit

B. Switching off an active solenoid circuit

C. Moving an active solenoid circuit closer to the metal ring

D. Moving an inactive solenoid circuit further away from the metal ring

9. A conducting coil is rotating at a constant rate inside a magnetic field with a constant field strength,
producing an EMF. The rate of rotation is now reduced to half the rate it was before. Which of the following
options best describes the period and the EMF produced by the new rate of rotation?

A. The period is longer and the EMF produced is higher.

B. The period is longer and the EMF produced is lower.

C. The period is shorter and the EMF produced is higher.

D. The period is shorter and the EMF produced is lower.
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Use the following information to answer questions 10 and 11:
A bar magnet is travelling to the right at velocity v and as it approaches a metal ring, it induces a current in the
metal ring.

v

N

10. The direction of the induced current may be determined using Lenz’s Law. Which of the following statements
is the best explanation of Lenz’s Law?

A. The magnetic field of the induced current will oppose the direction of the initial magnetic flux through
the ring.

B. The magnetic field of the induced current will oppose the direction of the final magnetic flux through
the ring.

C. The magnetic field of the induced current will be the same direction as the change in magnetic flux
through the ring.

D. The magnetic field of the induced current will oppose the change in magnetic flux through the ring.

11. All of the following actions will increase the size of the current in the metal ring except:

A. increasing the strength of the magnet.

B. increasing the velocity of the magnet.

C. increasing the resistance of the metal ring.

D. increasing the diameter of the metal ring.

Use the following information to answer questions 12, 13 and 14:
A mobile phone charger is comprised of a step-down transformer from 240 VRMS AC to 18 VRMS AC. The charger
consumes 54 WRMS of power when it is charging the phone. Assume that the phone charger is ideal.

12. If the secondary coil has 360 turns, what is the number of turns in the primary coil?

A. 13 turns

B. 27 turns

C. 4680 turns

D. 4800 turns

13. Calculate the RMS current in the secondary coil.

A. 0.23 A

B. 0.32 A

C. 3.0 A

D. 4.2 A

14. Determine the peak current in the primary coil.

A. 0.23 A

B. 0.32 A

C. 3.0 A

D. 4.2 A

15. Which of the following statements best explains why transformers are AC devices and not DC devices?

A. Direct currents are fixed and cannot be stepped up or stepped down.

B. An alternating current may generate a changing magnetic flux.

C. A direct current generates a weaker magnetic field than an equivalent alternating current.

D. The iron cores of transformers work best with alternating currents.
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16. Which of the following statements best describes the role of the iron core in a transformer?

A. The iron core enables the primary coil to transfer its voltage over to the secondary coil.

B. The iron core channels the magnetic flux between the primary coil and the secondary coil.

C. The iron core has a higher resistance than the copper conductors used in the primary and
secondary coils.

D. The iron core focuses the current from the primary coil to reduce the losses in the secondary coil.

Use the following information to answer questions 17 to 20:
A small rural town is powered by a hydroelectric power station 500 m away. The power station produces 84 kW
RMS power at 230 VRMS. The voltage is stepped up with a step-up transformer with a turns ratio of 1:20 before
transmission to the town. The total resistance of the transmission line is 6 Ω. At the town, the transmission line
voltage is stepped down with a step-down transformer with a turns ratio of 20:1 before distribution to individual
homes and businesses.

Step-up

transformer

1:20

Town
Total line

resistance

6 Ω

P = 84 kW RMS
V = 230 V RMS

Step-down

transformer

20:1

17. Between the power station and the town, which of the following is the expected RMS current in the
transmission line closest to?

A. 7.3 A

B. 18 A

C. 3.7×102 A
D. 7.3×102 A

18. Which of the following is the expected voltage available to consumers at the town after the step-down
transformer?

A. Equal to 230 V

B. Less than 230 V

C. Greater than 230 V

D. Unknown, since there is insufficient information to determine the voltage

19. If the turns ratio for the step-up transformer is changed to 1:30, and the turns ratio for the step-down
transformer is changed to 30:1, what is likely to happen to the transmission line current and the voltage
available to consumers at the town?

A. The transmission line current will increase, while the voltage available will decrease.

B. The transmission line current will increase, while the voltage available will increase.

C. The transmission line current will decrease, while the voltage available will decrease.

D. The transmission line current will decrease, while the voltage available will increase.

20. Which of the following actions will not reduce the transmission line loss?

A. Reducing the total resistance of the transmission line

B. Reducing the turns ratio of the step-up transformer

C. Reducing the transmission line current

D. Reducing the length of the transmission line
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SECTION B — Short answer questions

Question 21 (7 marks)

The diagram below shows a permanent magnet near a coil of wire. The coil is connected to a resistor.

N

X Y

a. Which way will a current flow through the resistor when the magnet moves towards the
coil from the position shown? Explain your answer. (3 marks)

b. When the magnet is held stationary inside the coil, no current is detected in the resistor.
Explain why this is the case. (2 marks)

c. Describe two ways to increase the magnitude of the induced current in the resistor. (2 marks)

Question 22 (4 marks)

A model electric generator similar to that shown in the following diagram is being tested by some students. The
coil consists of 50 turns of wire and has an area of 6.0×10−3 m2. The magnetic field between the poles of the
magnets is measured to be 0.15 T.

SN

Axis of rotation

P

Q

Slip rings

Loop

a. Calculate the magnitude of the magnetic flux threading the coil when it is in the position shown. (1 mark)

b. The students rotate the coil in a clockwise direction as indicated in the diagram. The coil is
rotated a quarter turn (90°). Using the points P and Q, identify which direction the current flows through the
external resistor. (1 mark)

c. As the students rotate the coil through an angle of 90°, the magnitude of the average induced
EMF is 40 mV. What time interval is required for this rotation to produce an average induced
EMF of 40 mV during a quarter turn? (2 marks)

Question 23 (6 marks)

A step-up transformer has a primary voltage of 240 VRMS and an output RMS voltage of 1200 V. The primary coil
of the transformer has 75 turns of wire and carries a current of 4.0 A.

a. How many turns are on the secondary coil of the transformer? (2 marks)

b. What is the current in the secondary coil of the transformer? (2 marks)

A small 1000-W generator supplies power across some transmission lines. These lines also carry a current
of 4.0 A and have a resistance of 3.5 Ω.
c. Calculate the power loss in the cables and express this as a percentage of the power supplied by the

generator. (2 marks)
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Question 24 (3 marks)

A transformer is designed to give 6.0-V output from a 240-V input. A 1.0-A fuse is placed in series with the
primary coil.

a. Determine the ratio
Nprimary

Nsecondary

where Nprimary is the number of turns of wire in the primary coil, and Nsecondary is

the number of turns of wire in the secondary coil. (1 mark)

b. What is the maximum power that could be delivered in the primary coil? (1 mark)

c. What is the maximum current obtained from the secondary coil? (1 mark)
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UNIT 3 | AREA OF STUDY 3

PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — COMPARISON AND EVALUATION OF TWO SOLUTIONS TO A
PROBLEM, TWO EXPLANATIONS OF A PHYSICS PHENOMENON OR CONCEPT, OR
TWO METHODS AND/OR FINDINGS FROM PRACTICAL ACTIVITIES

In this task, you will be required to compare the use of transformers and AC voltages in electricity
transmission to the use of copper or silver in transmission lines to reduce energy losses.

• This practice SAC requires you to compare and evaluate two solutions to reduce energy losses during
electricity transmission and apply one of the solutions to a real-life situation. A structured set of questions is
supplied to assist you.

• You may use the VCAA Physics formula sheet and a scientific calculator for this task.

Total time: 55 minutes (5 minutes reading, 50 minutes writing)

Total marks: 50 marks

TRANSMISSION OF ELECTRICITY — THE IMPORTANCE OF TRANSFORMERS AND AC
VOLTAGES TO REDUCE ENERGY LOSSES

A student interested in electricity generation and transmission has gathered several extracts from articles
published on websites devoted to physics learning and has made some notes recording useful information.

Read the information gathered by the student and answer the questions that follow to help you compare the use
of transformers and AC voltages to the use of copper or silver in transmission lines to reduce energy losses.

The first extract is as follows:

The most common electricity generation processes can be simplified and summarised as using motion-based
power (wind or falling-water kinetic energy) or fuel-based power (coal, natural gas, nuclear fuel) plus the
motion-based power of steam to power turbines that produce electricity via electromagnetic induction.

In addition, photovoltaic cells and electrochemical cells generate electricity via the photoelectric effect and via
redox chemical reactions respectively.

Generally, wind farms, hydroelectric dams, coal-fired or nuclear-fired power stations and even solar farms are
not close to where the electrical power is consumed. Electricity needs to be transmitted. Electricity transmission
comes at a cost though, as the power loss in transmission lines increases with the resistance of the transmission
line, and the intensity of the current in the line.

1. In terms of the resistance, R, of the transmission cable and the current, I, in the transmission line, explain the
size of the power dissipated in the cable.

2. Suggest two ways in which the power loss can be decreased.

A second extract is as follows:

High-voltage transmission lines are now commonly made from a central core of galvanised steel wire, to provide
strength to the cables, surrounded by strands of lightweight yet durable aluminium to conduct the current.
Copper is an even better electrical conductor than aluminium and was the preferred material for transmission
lines in earlier days. However, the cost of copper and its high density are major drawbacks.

After reading this extract, the student gathered the following information:

Resistance R (Ω), of a cable of length L metres, cross-section A (m2) and resistivity ρ (Ω m):

R= ρL
A
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Metal Resistivity (Ω m) at 20 ∘C Density (kg cm3) at 20 ∘C Cost ($/kg)

Aluminium 2.65 × 10−8 2.71 0.80

Copper 1.68 × 10−8 8.96 13.05

Silver 1.59 × 10−8 10.49 1179.00

3. Copy and complete the table below, prepared by the student, for a 100-km long cable with a 2.0-cm diameter.

Metal Resistance of cable (Ω) at 20 ∘C Mass of cable (kg) at 20 ∘C Cost of cable ($)

Aluminium 3405 2724

Copper 11 259 146 936

Silver 13 182 3.21×106
4. Assume a 100-km long cable with a 2.0-cm diameter is used to transmit 5.0×106W with 110 kVRMS. For both

copper and aluminium, calculate the current in the transmission cable.
5. Compare the power loss the aluminium and copper cables for this power and voltage.
6. Write a paragraph to explain why aluminium has overtaken copper as the preferred material for transmission

lines.

7. Assume an aluminium cable with a total resistance of 6 Ω is used to transmit 5.0×106W at different voltages.
Copy and complete the following table.

Voltage (VRMS) Intensity in cable (A) Power loss in cable (W)

Power loss

Power supplied
(%)

240

33×103
66×103
110×103

8. Explain why high voltages are more suitable than low voltages for the transmission of electricity.

A third extract is as follows:

Transformers can be used in conjunction with AC voltages applied to the primary coil to either increase or
decrease the AC potential difference produced at the terminals of the secondary coil. When a step-up transformer
is used, the output voltage is larger than the input voltage but with a smaller output current. When a step-
down transformer is used, the output voltage is smaller than the input voltage but with a larger output current.
Transformers do not work with steady DC voltages applied to the primary coil. A step-up transformer can be used
to substantially lower the power loss in a transmission cable without compromising the amount of power delivered
to the end user.

R

II

AC

voltage

Primary coil Secondary coil

B

B
B

B
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Useful equations:

Vs

Vp

= Ns

Np

VsIs = VpIp

V = IR

P = VI

9. The article also states that transformers do not work with steady DC voltages. Explain why this is the case.
10. Comment on the final sentence of the third extract in terms of how a step-up transformer could achieve

this outcome.

A week later, the student is reading an article in an engineering magazine about the development of a small
independent power supply to a small, remote town in Victoria. The generator uses an array of solar cells
connected to an inverter to produce a 240 VRMS AC supply, but at a distance from the small town. The article
states the following:

A generator and transmission system is being designed to supply electrical power to a small country town two
kilometres away from the generator. The system consists of a generator, two transformers (T1 located close to the
generator and T2 located close to the small town) and a transmission line as shown in the following diagram:

Transmission lines

Step‐up

transformer

T1

Step‐down

transformer

T2

Generator Small town

During the day, the generator is expected to supply 6.0 × 105 W of power with 240 VRMS at the primary terminals
of T1. The power will be transferred via an ideal step-up transformer T1 using aluminium transmission lines with a
total resistance of 2.0 Ω and, finally, an ideal step-down transformer T2, with the same turns ratio.

The town engineer is considering which turns ratio to use for both of the transformers and realises that 220 V is
sufficient to run equipment in the city without loss of performance in the appliances used by the residents. The
engineer calculates that a turns ratio of 20 would be suitable.

In the following questions, all values calculated are RMS values.
11. Show that the expected current in the primary coil of transformer T1 is 2500 A.
12. By determining the current in the transmission line, calculate the power loss in the transmission line for a

turns ratio of 20.
13. Calculate the voltage drop across the transmission cables.
14. Calculate the voltage supplied to the small town after it has been stepped down with a turns ratio of 20.
15. Do you agree with the engineer’s choice of a pair of step-up and step-down transformers with a turns ratio

of 20?
16. Comment on whether a pair of ideal step-up and step-down transformers with a turns ratio of 15 would

produce a minimum voltage to the town of 220 V.

Resources

Digital document School-assessed coursework (doc-39423)
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UNIT

4 How have creative ideas and
investigation revolutionised thinking
in physics?

AREA OF STUDY 1

How has understanding about the physical world changed?

OUTCOME 1

Analyse and apply models that explain the nature of light and matter, and use special relativity to
explain observations made when objects are moving at speeds approaching the speed of light.

8 Light as a wave .................................................................................................................................................417

9 Light as a particle .............................................................................................................................................473

10 Matter as particles or waves and the similarities between light and matter ..............................517

11 Einstein’s special theory of relativity and the relationship between energy and mass ..........559

AREA OF STUDY 2

How is scientific inquiry used to investigate fields, motion or light?

OUTCOME 2

Design and conduct a scientific investigation related to fields, motion or light, and present an aim,
methodology and method, results, discussion and a conclusion in a scientific poster.

12 Scientific investigations ...................................................................................................................

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.





AREA OF STUDY 1 HOW HAS UNDERSTANDING ABOUT THE PHYSICAL WORLD CHANGED?

8 Light as a wave
KEY KNOWLEDGE

In this topic, you will:
• describe light as an electromagnetic wave that is produced by the acceleration of charges,
which in turn produces changing electric fields and associated changing magnetic fields

• identify that all electromagnetic waves travel at the same speed, c, in a vacuum
• explain the formation of a standing wave resulting from the superposition of a travelling wave
and its reflection

• analyse the formation of standing waves (only those with nodes at both ends is required)

• investigate and explain theoretically and practically diffraction as the directional spread
of various frequencies with reference to different gap width or obstacle size, including the

qualitative effect of changing the
𝜆
w

ratio and apply this to limitations of imaging using

electromagnetic waves

• explain the results of Young’s double slit experiment with reference to:
− evidence for the wave-like nature of light

− constructive and destructive interference of coherent waves in terms of path differences:

n𝜆 and

(

n+ 1

2

)𝜆 respectively, where n=0,1,2, …
− effect of wavelength, distance of screen and slit separation on interference patterns:∆x= 𝜆L

d
when L≫d.

Source: VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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



8.1 Overview
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FIGURE 8.1 Understanding light as a wave helps to
explain many physical phenomena.

Light has been considered a mystery from
ancient times to the present day. Could light be
a type of wave or does it propagate and transfer
energy more like a particle? In this topic, you
will investigate light as a wave based on its
ability to both diffract and interfere. These
phenomena, described by a mathematical model,
indicate that light can be successfully modelled
as a type of wave propagating at a constant
speed through a variety of media. James Clerk
Maxwell took advantage of new knowledge in the
fields of magnetism and electricity, particularly
electromagnetic induction, to propose that light
was in fact a self-propelled transverse wave
consisting of dual electric and magnetic fields
oscillating in phase but perpendicular to each
other. This mathematical model of light as a wave,
combined with the mathematical model of matter as a particle, seemed to make physics complete as a subject
area near the end of the nineteenth century. Observations in the twentieth century cast this simplistic notion into
doubt resulting in a revolution in the modelling of nature requiring the use of both waves and particles for both
light and matter.

LEARNING SEQUENCE

8.1 Overview ...............................................................................................................................................................................................418
8.2 Light as a wave ...................................................................................................................................................................................419
8.3 Interference, resonance and standing waves .........................................................................................................................428
8.4 Diffraction of light ..............................................................................................................................................................................438
8.5 Interference of light ...........................................................................................................................................................................447
8.6 Review ...................................................................................................................................................................................................462

Resources

Solutions Solutions — Topic 8 (sol-0822)

Practical investigation eLogbook Practical investigation eLogbook — Topic 8 (elog-1639)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 8 (doc-37179)
Key ideas summary — Topic 8 (doc-37180)

Exam question booklet Exam question booklet — Topic 8 (eqb-0105)

418 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



8.2 Light as a wave

KEY KNOWLEDGE

• Identify the amplitude, wavelength, period and frequency of waves

• Calculate the wavelength, frequency, period and speed of travel of waves using: 𝜆= v

f
= vT

• Describe light as an electromagnetic wave, which is produced by the acceleration of charges, which in turn
produces changing electric fields and associated changing magnetic fields

• Identify that all electromagnetic waves travel at the same speed, c, in a vacuum
• Compare the wavelength and frequencies of different regions of the electromagnetic spectrum, including
radio, microwave, infrared, visible, ultraviolet, X-ray and gamma

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

8.2.1 Review of wave properties
• Light propagates away from its source as a type of wave. The key evidence was that light diffracted, it was

capable of interference and slowed down when passing from air into water and other transparent materials.
• A particle model for light was incapable of explaining these phenomena.
• At the end of the century, James Clerk Maxwell produced a highly successful model where light was

treated as a transverse wave consisting of both electric and magnetic vibrating fields, requiring no medium
to move. Light was also shown that it wasn’t a longitudinal wave.

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

periodic wave a disturbance that
repeats itself at regular intervals

period the time it takes a source
to produce one complete wave (or
for a complete wave to pass a
given point)

wave transfer of energy through
a medium without any net
movement of matter

transverse wave wave for which
the disturbance is at right angles
to the direction of propagation

To better appreciate these concepts, a review of wave theory from Unit 1 is
essential. (See topics 1 and 2 in Jacaranda Physics 1 VCE Units 1&2 Fifth
Edition for a more-in depth review.)

The frequency of a periodic wave is the number of times that it completes
a cycle per second. Frequency is measured in hertz (Hz) and 1 Hz = 1 s–1.
Frequency is 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 T. The
frequency f and period T are related.

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 wavelength to pass) is
1

5
= 0.2seconds. In other words:

f= 1

T
⇒ T= 1

f

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 8.2, tracks the movement of a single point on a
transverse periodic wave as a function of time. It shows how the displacement of a single point on
the wave varies. The period of the wave can be identified from this graph.
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The amplitude of a wave is the size of the maximum disturbance of the medium from its normal state. The
units of amplitude vary with 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.

In figure 8.2 the wave is the propagation of energy. The diagram shows a single-point particle oscillating up and
down while the wave is moving in a perpendicular direction.

FIGURE 8.2 Displacement–time graphs: the movement of a single point on a transverse wave over time
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of a periodic wave

The displacement of all particles along the length of a transverse wave can be
represented in a displacement–distance graph as shown in figure 8.3. 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.

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).

FIGURE 8.3 Displacement–distance graphs: particle displacements along a transverse wave
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longitudinal periodic wave wave
for which the disturbance is parallel
to the direction of propagation

For longitudinal periodic waves, such as sound waves (see figure 8.4), 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 𝜆 (lambda).

FIGURE 8.4 Longitudinal waves in a. a slinky b. air
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Rarefactions

Direction of
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λ

λ

b.

a.

8.2.2 The speed of a wave
Mechanical waves travel away from their source at a speed dictated by the properties of the medium through
which they travel and transmit their energy. Light, which is an electromagnetic wave, can travel in a vacuum. For
all waves, the speed, v, of a periodic wave is related to the frequency, period and wavelength of the wave. In a
time interval of one period, T, the wave travels a distance of one wavelength, 𝜆. Thus:

speed= distance

time
= 𝜆

T
= 𝜆

1
f

= f𝜆
This relationship can be written as:

v= f𝜆= 𝜆
T

where: v is the speed of the wave, in m s−1

f is the frequency of the wave, in Hz𝜆 is the wavelength of the wave, in m

T is the period of the wave, in s.

�

�

�
v

v

v = � × f

v

f

f

f

=
=

×

This relationship, v= f𝜆, 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 and does not depend on the source frequency or the
amplitude of the wave.

TOPIC 8 Light as a wave 421



SAMPLE PROBLEM 1 Calculating the speed of a sound wave
tlvd-9005

What is the speed of a 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 appropriate units.
Time must be expressed in seconds and length in metres.

T = 2.0ms= 2.0× 10−3s𝜆 = 68cm= 0.68m

2. Choose the appropriate formula. v = f𝜆⇒ v = 𝜆
T

3. Substitute values for the wavelength and period and then
solve for v.

v = 0.68 m

2.0× 10−3s= 3.4× 102 m s−1

PRACTICE PROBLEM 1

What is the speed of a wave if it has a period of 1.50 ms and a wavelength of 51.0 cm?

SAMPLE PROBLEM 2 Calculating the wavelength of a sound wave
tlvd-9006

What is the wavelength of a sound of frequency 550 Hz if the speed of sound in air is 335 m s−1?

THINK WRITE

1. Note down the known variables in their appropriate units.
Frequency must be expressed in hertz and speed in m s−1.

f = 550 Hz, v = 335 m s−1

2. Choose the appropriate formula. v = f𝜆⇒ v = 𝜆
f

3. Substitute values for the frequency and speed and then solve
for the wavelength.

= 335 m s−1

550Hz= 0.609m

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 8.1
elog-1658

Investigating waves from a slinky spring

Aim

To observe and investigate the behaviour of waves (or pulses) travelling along a slinky spring
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8.2.3 Electromagnetic waves

FIGURE 8.5 An electromagnetic wave.
The electric (E) and magnetic (B) fields
are uniform in each plane but vary along
the direction of the motion of the wave.

v = c

E

B

The question of light being a type of particle, as proposed by Sir
Isaac Newton, or a wave, as proposed by Christian Huygens, was
settled in the nineteenth century with experiments conducted by
Thomas Young and others. The observation that light was both
able to diffract and interfere, and studies in the refraction of light,
all demonstrated that light is a type of wave and not a particle.
Mechanical waves, such as sound and surface waves on water,
require a medium to transmit their energy from the wave source to
the surrounding environment. Yet light, clearly a type of wave, can
pass through a vacuum. No medium is required.

In 1864, James Clerk Maxwell (1831–1879) showed why light
doesn’t require a medium to propagate. He began with the ideas of
electric and magnetic interactions where a changing magnetic flux caused an induced voltage and an associated
electric field. It was known that a changing electric flux induced a magnetic field. Maxwell developed a theory
predicting that an oscillating 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. The speed of the wave would be constant whether the oscillations were rapid (high
frequency and a short wavelength) or very slow (low frequency and a long wavelength). Also, the speed of these
electromagnetic waves was independent of the amplitude of the wave. Small oscillations travelled at the same
speed as large oscillations. Maxwell remarkably even predicted their speed to be 3× 108 m s−1, using known
electric and magnetic properties of a vacuum. This is the speed of light! Maxwell had formulated a theory that
explained how light was produced and travelled through space as electromagnetic waves.

How does an electromagnetic wave form when charges move?

• A charge moving at constant velocity cannot produce electromagnetic waves; the constant motion
means there is no change in the electric and magnetic field of the moving charge.

• Electromagnetic waves are produced only when an electric charge undergoes acceleration, deceleration
or change in direction.

• When an electrically charged particle vibrates, accelerates or changes direction, this causes a change
in the electric field, which in turn creates a change in the magnetic field. This forms an
electromagnetic wave.

Maxwell’s theory applied not only to visible light (table 8.1) but also to other radiation that people cannot
see, such as infrared and ultraviolet radiation. Furthermore, his electromagnetic model of light indicated that
light could be described as a transverse wave. His model is used to explain light diffraction and interference
phenomena.

TABLE 8.1 Frequency and wavelength of visible light colours

Red Orange Yellow Green Cyan Blue Violet

Frequency (× 1012 hertz) 430 480 520 570 600 650 730

Wavelength (nanometres) 700 625 580 525 500 460 410

How do the parameters of light relate to your perception of light? It turns out that frequency is associated
with your perception of colour in the visible portion of the electromagnetic spectrum, and that brightness is
associated with the amplitude. Neither of these parameters influence the speed of light in a vacuum, this being
299 792 458 m s–1.
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FIGURE 8.6 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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SAMPLE PROBLEM 3 Calculating the wavelength and period of light when given
frequencytlvd-9007

When light with a frequency of 5.60 × 1014 Hz travels through a vacuum, determine the values of:
a. its period
b. its wavelength (in nanometres).
The speed of light in a vacuum is 3.00 × 108 m s−1.

THINK WRITE

a. The period of a wave is the reciprocal of its
frequency.

a. T = 1

f= 1

5.60× 1014= 1.79× 10−15 s
The period of the light is 1.79 × 10−15 s.

b. 1. Use the relationship 𝜆= c

f
to determine the

wavelength.

b. 𝜆 = c

f= 3.00× 108

5.60× 1014= 5.36× 10−7 m
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2. The wavelength of visible light is usually
expressed in nanometres (nm) where
1.0 nm= 1.0× 10−9m.

𝜆 = 5.36× 10−7

1.0× 10−9
nm= 5.36× 102 nm

The wavelength of the light is 536 nanometres.

PRACTICE PROBLEM 3

Determine the frequency and period of light with a wavelength of 450 nm.

8.2 Activities
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8.2 Quick quiz 8.2 Exercise 8.2 Exam questions

8.2 Exercise

1. The speed of sound in air is approximately 340 m s−1 and one musical note is produced that has a frequency
of 256 Hz. Calculate:
a. its wavelength
b. its period
c. how long it takes for the wave to travel 1 km.

2. Copy and complete the following table by using the wave formula.

v (m s−1) f (Hz) 𝜆 (m)

500 0.67

12 25

1500 0.30

60 2.5

340 1000

260 440

3. In a ripple tank, surface waves are produced by a dipper at a rate of 5 each half-second.
a. Determine the frequency of the source and its period.
b. The wavelength is measured to be 2.6 cm. What is the speed of the wave in m s–1?
c. The frequency is now doubled. Explain how the speed and the wavelength of the wave will change.

4. Take the speed of light in a vacuum as c = 3.0 × 108 m s−1.
Calculate the period of orange light that has a frequency of 4.8 × 1014 Hz.

5. Take the speed of light in a vacuum as c = 3.0 × 108 m s−1.
Microwaves have a frequency ranging from 1.0 × 1010 through to 1.0 × 1012 Hz. Determine the range of
wavelengths associated with microwaves.
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6. Take the speed of light in a vacuum as c = 3.0 × 108 m s−1.
X-rays used by dentists have a wavelength of 2.7 × 10−11 m. Determine the frequency, and hence the period of
the X-rays produced.

7. 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?

8. Take the speed of light in a vacuum as c = 3.0 × 108 m s−1.
When blue light of frequency 6.5 × 1014 Hz travelling through the air meets a glass prism, its speed decreases
from 3.0 × 108 m s−1 to 2.0 × 108 m s−1. Calculate the following:
a. The wavelength of the blue light in the air
b. The wavelength of the blue light in the glass
c. the frequency of the blue light in the glass.

9. Describe how a moving charged particle that changes its motion produces an electromagnetic wave. Your
answer should relate to both electric and magnetic fields around a moving charged particle.

8.2 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.13; © VCAA

MC A travelling wave produced at point A is reflected at point B to produce a standing wave on a rope, as
represented in the diagram below.

A B

The distance between points A and B is 2.4 m. The period of vibration of the standing wave is 1.6s.
The speed of the travelling wave along the rope is closest to
A. 0.75ms−1
B. 1.0ms−1
C. 1.5ms−1
D. 2.0ms−1

Question 2 (1 mark)
Source: VCE 2021 Physics Exam, Section A, Q13; © VCAA

MC The diagram below shows part of a travelling wave.

3
–8

8

6 9 12 15 18
distance (cm)

displacement (cm)

The wave propagates with a speed of 18 m s–1.

Which of the following is closest to the amplitude and frequency of the wave?
A. 8 cm, 3.0 Hz
B. 16 cm, 3.0 Hz
C. 8 cm, 300 Hz
D. 16 cm, 300 Hz
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Question 3 (1 mark)
Source: VCE 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 c – speed of light 𝜆 – wavelength

Figure 13

Question 4 (3 marks)
Source: VCE 2019, Physics Exam, Section B, Q12; © VCAA

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

 

P

v

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

Question 5 (6 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.12; © VCAA

A transverse wave travels to the right along a length of string at a speed of 8.0ms−1. Figure 8 shows the wave at
one instant in time.

 

direction of travel

Figure 8

0.10 m

a. Calculate the frequency of the wave shown in Figure 8. (2 marks)
b. On Figure 8, draw the wave as it would appear 25 ms after the instant shown. Show any calculations

and state any assumptions that you have made. (2 marks)
c. The wave source (not shown in Figure 8) is now adjusted to increase the frequency. (2 marks)

Explain the effect that this will have on the wavelength, stating any assumptions that you have made.

More exam questions are available in your learnON title.
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8.3 Interference, resonance and standing waves

KEY KNOWLEDGE

• Explain the formation of a standing wave resulting from the superposition of a travelling wave and its
reflection

• Analyse the formation of standing waves (only those with nodes at both ends is required)

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

8.3.1 Superposition
When particles travel towards each other, resulting in a collision, momentum and energy are transferred, unlike
in the interaction of waves. When two waves travel towards each other, no such collision occurs. In this way,
wave motion and particle motion are fundamentally different. Both wave pulses and periodic waves simply pass
through each other with neither being modified by each other. This is observed when two pulses pass through
each other on a spring. When the pulses are momentarily occupying the same part of the spring, the amplitudes
of the individual pulses add together to give the amplitude of the total disturbance of the spring. This effect is
known as superposition (positioning over). The superposition of waves is responsible for the phenomena known
as diffraction and interference. These will be studied in subtopics 8.4 and 8.5 respectively.

superposition the adding together
of amplitudes of two or more waves
passing through the same point

The resultant disturbance can be found by applying the superposition principle: ‘The resultant wave is the sum
of the individual waves’. For convenience, you can add the individual displacements of the medium at regular
intervals where the pulses overlap to get the approximate shape of the resultant wave. Displacements above the
position of the undisturbed medium are considered to be positive and those below the position of the undisturbed
medium are considered to be negative. This is illustrated in figure 8.7, in which two
pulses have been drawn in green and blue with a background grid. The sum of the
displacements on each vertical grid line is shown with a dot and the resultant
disturbance, drawn in black, is obtained by drawing a line through the dots.

FIGURE 8.7 Determining the shape of a resultant disturbance

Undisturbed medium

Resultant disturbance

3

3 – 2 = 1

–2
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destructive interference
the addition of two wave
disturbances to give an amplitude
that is less than either of the two
waves

constructive interference
the addition of two wave
disturbances to give an amplitude
that is greater than either of the
two waves

It is possible for a part or whole of a pulse to be ‘cancelled out’ by another pulse.
When this effect occurs, destructive superposition, or destructive interference,
is said to occur. When two pulses superimpose to give a maximum disturbance
of a medium, constructive superposition, or constructive interference, is said to
occur. This effect is shown in figure 8.8. However, when two pulses superimpose
to cause a cancellation, destructive interference is said to occur. The superposition
gives a small disturbance.

FIGURE 8.8 a. Two pulses of different shapes approach each other on a spring. b. The pulses begin to pass
through each other. c. As the pulses pass through each other, the amplitudes of the individual pulses add together
to give a resultant disturbance. d. After passing through each other, the pulses continue on undisturbed.

a.

b.

c.

d.

a.

b.

c.

d.

8.3.2 Reflection of waves
When waves arrive at a barrier, reflection occurs. Reflection is the returning of a wave into the medium in which
it was originally travelling. When a wave strikes a barrier, or comes to the end of the medium in which it is
travelling, part or all of the wave is reflected.

A wave’s speed depends only on the medium in which it is travelling through; therefore, the speed of the
reflected wave is unchanged. The wavelength and frequency of the reflected wave will also be the same as for
the incident (original) wave.

Reflection of transverse waves in strings
When a string has one end fixed so that it is unable to move (e.g. when it is tied to a wall or is held tightly to the
‘nut’ at the end of a stringed instrument), the reflected wave will be inverted. This is called a change of phase.
If the end is free to move, the wave is reflected upright and unchanged, so there is no change of phase. These
situations are illustrated in figures 8.9 and 8.10.

FIGURE 8.9 Reflection of a transverse pulse on a string when a. and b. the end of the string is fixed (as in a
guitar). With a fixed end, the reflected wave is inverted; there is a change of phase.

a.
Incident pulse Fret board

b.

Reflected pulse is inverted, but has
the same length and speed.

Nut (reflecting barrier)
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FIGURE 8.10 Reflection of a transverse pulse on a string when a. and b. the end of the string is free to move (as
with a loop supported by a retort stand). With an open end, the reflected wave is not inverted; there is no change
of phase.

Reflected pulse is not inverted, but
has the same length and speed.

b.

Incident pulse Retort stand
a.

INVESTIGATION 8.2
elog-1659

tlvd-10607

Reflections of pulses in springs

Aim

To investigate the reflection of pulses in a long slinky spring

8.3.3 Standing waves
Standing waves are an example of what happens when two waves, travelling in opposite directions, pass
through each other. They can either interfere constructively or destructively. Interference, as applied to light, is
explored in detail in subtopics 8.4 and 8.5. The phenomenon of standing waves is an example of interference
in a confined space. The restriction may be a guitar string tied down at both ends, or a trumpet closed at the
mouthpiece and open at the other end, or even a drum skin stretched tightly and secured at its circumference.

Transverse standing waves
When two periodic waves travelling in opposite directions, and of equal amplitude and frequency (and therefore
wavelength), move through an elastic one-dimensional medium, constructive interference and destructive
interference occur. In fact, destructive interference occurs at evenly spaced points along the medium and it
happens all the time at these points. The medium at these points never moves. Such points in a medium where
waves cancel each other at all times are called nodes. In between the nodes are points
where the waves reinforce each other to give a maximum amplitude of the resultant
waveform. This is caused by constructive interference. Such points are called antinodes.

standing wave the superposition
of two wave trains at the same
frequency and amplitude travelling
in opposite directions, also known
as stationary waves as they do
not appear to move through the
medium. The nodes and antinodes
remain in a fixed position.

node point at which destructive
interference takes place

antinode point at which
constructive interference takes
place

When this effect occurs, the individual waves are undetectable. All that is observed
are points where the medium is stationary and others where the medium oscillates
between two extreme positions. There seems to be a wave but it has no direction of
propagation. When this occurs, it is said to be a stationary or standing wave.

Figure 8.11 shows how standing waves are formed in a string by two continuous
periodic waves travelling in opposite directions. It is important to note that the
wavelength of the waves involved in the standing wave is twice the distance between
adjacent nodes (or adjacent antinodes).
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Figure 8.12 shows the motion of a spring as it carries a standing wave. It shows the shape of the spring as it
completes one cycle. The time taken to do this is one period (T). Note that:

i. at t= T

4
and at t= 3T

4
, the entire medium is momentarily undisturbed at all points

ii. adjacent antinodes are opposite in phase — when one antinode is a crest, those next to it are troughs

iii. there are points labelled N where there is no displacement at all times. These points are evenly spaced at

precisely a distance
𝜆
2

.

FIGURE 8.11 The formation of a standing wave
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FIGURE 8.12 A standing wave over one cycle
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8.3.4 Harmonics associated with standing waves
Standing wave theory can be applied to guitar and violin strings, for example, or to water waves reflecting off
a barrier, even to suspension bridges with the road fixed to a pylon at both ends. You will learn that this is also
vital for understanding the stability of atoms. The important physics here is that when waves are generated, in
the case of a guitar by plucking, a violin by using a bow, or by air passing over a bridge, travelling waves in both
directions are produced and will reflect off the fixed ends. The reflected waves interfere with each other, and
their resultant becomes stationary, vibrating in place: standing waves are created. In all cases, the medium only
resonates at fixed frequencies that are dependent on the speed of the waves and the distance between the two
ends of the medium.

resonance when the amplitude of
an object’s oscillations is increased
by the matching vibrations of
another object or an external force

Resonance is a phenomenon in which an external force, or a vibrating system, forces
another system near it to vibrate with greater amplitude at a specified frequency when
it matches the object’s natural frequency of vibration. Every object has one or more
natural frequencies of vibration. For example, when a crystal wine glass is struck with
a spoon, a distinct pitch of sound is heard. If the resonant frequency is produced by a
sound source near the glass, the glass will begin to vibrate.

Strings fixed at both ends
Consider a string under tension of length L fixed at both ends, and capable of resonating — that is, capable
of supporting a variety of frequencies. What would be the values of the allowable frequencies? The longest

wavelength occurs when half the wavelength can fit onto a string of length L, that is L= 𝜆
2

or 𝜆= 2L. The

frequency and associated wavelength of this standing wave will be called the fundamental frequency and
fundamental wavelength respectively, using the symbols f 1 and 𝜆1. Using the wave equation v= f𝜆, it follows
that if 𝜆1 = 2L then f1 = v

2L
. This is the fundamental frequency for a standing wave on a medium of length L

fixed at both ends. Importantly, this standing wave is known as the 1st harmonic, and is shown in figure 8.13.
Both ends of the standing wave are nodes with no disturbance, and the midpoint is an antinode.

FIGURE 8.13 The first harmonic (length of string is
1

2
𝜆).

The next possible standing wave that could be made occurs when two half-wavelengths, or one whole
wavelength, fits onto a string of length L — that is 𝜆= L for this standing wave.

This standing wave will be called the second harmonic. Thus 𝜆2 =L and f2 = 2v

2L
= v

L
= 2f1. The second

harmonic has a frequency that is exactly twice the frequency of the first harmonic. The standing wave consists
of 3 nodes and 2 antinodes.

FIGURE 8.14 The second harmonic (length of string is 𝜆).
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The third harmonic will show that a number pattern emerges for all harmonics. The third harmonic will be again

fixed at both ends where 1.5 wavelengths will fit onto a string of length L — that is L= 3

2
𝜆, so 𝜆3 = 2L

3
.

FIGURE 8.15 The third harmonic (length of string is
3

2
𝜆).

This generalisation for n harmonics is summarised in table 8.2.

TABLE 8.2 Standing waves on a string fixed at both ends

Harmonic
Number
of nodes

Number
of

antinodes Pattern
Resonant

frequency: f= v𝜆
First 2 1 L = 𝜆1

2
,

f1 = v

2L

Second 3 2 L = 2𝜆2
2

=𝜆2
f2 = v

L
2f1

Third 4 3 L = 3𝜆3
2
,

f3 = 3v

2L
=3f1

Fourth 5 4 L = 4𝜆4
2
,

f4 = 4v

2L
=4f1

nth n + 1 n L = n𝜆n
2
,

fn = nv

2L
=nf1

n = 1,2,3,4,5...
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In general, for two fixed ends, the nth harmonic will have a wavelength given by:

𝜆n= 2L

n

where: 𝜆n is the wavelength, in m

L is the length of the string, in m

n is the number of the harmonic (n = 1, 2, 3, 4, 5 …)

Since the nth harmonic has the wavelength
2L

n
, the frequency of the nth harmonic will be given by:

fn= V𝜆n = nv

2L
= nf1

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

L is the length of the string, in m

n is the number of the harmonic (n = 1, 2, 3, 4, 5 …)

v is the velocity of the wave, in m s–1

f 1 is the fundamental frequency, in Hz.

Each of these standing waves or resonances can exist independently of each other and so they give rise to the
rich diversity of sound made by musical instruments, even when they are playing the same note. Each instrument
will make harmonics of different intensities to produce a spectrum of frequencies unique to that instrument.
Nonetheless, the resonant frequencies are governed by simple rules that rely solely on the speed of the travelling
wave for the medium, v, and the length of the medium, L, fixed at both ends. This concept applies equally well
to pipes used in organs and explains how a musical note can be generated in an air column.

SAMPLE PROBLEM 4 Calculations of standing waves
tlvd-9008

Two students have created a standing wave using wire under tension attached to two fixed ends
as part of an investigation. The distance between the two ends is 1.50 m. At one instant when the
amplitude of the standing wave is a maximum, the wave looks like this:

a. State the number of nodes in this standing wave (including the two fixed ends).
b. State the number of antinodes.
c. Explain which harmonic of all the possible standing waves this standing wave represents.
d. Determine the wavelength of the standing wave.
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The students measure the frequency of the standing wave to be 4.2 Hz.
e. Calculate the period of the standing wave.
f. Determine the speed of the travelling waves on this wire that superimpose to produce this standing
wave.

g. Determine the fundamental frequency f 1 and wavelength 𝜆1 for a standing wave on this wire.

THINK WRITE

a. A node can be identified as any point
where the amplitude of the wave is a
minimum. Count the number of nodal
points, including both ends.

a. There are four nodes for this standing
wave.

b. An antinode can be identified as any
point where the amplitude of the wave
is a maximum. Count the number of
antinodes.

b. There are three antinodes for this standing
wave.

c. The number of antinodes is equal to
the harmonic number. There are three
antinodes.

c. The wave is the 3rd harmonic for this
wire.

d. The length of the wire, 1.5 m is
3

2
wavelengths.

d. L= 3

2
𝜆 for the 3rd harmonic.

Thus: 1.5 = 1.5𝜆⇒𝜆 = 1.0 m

e. The period for the 3rd harmonic is T= 1

f3
e. T = 1

f3= 1

4.2= 0.2381≈ 0.24 s

f. Use the equation v= f3𝜆3 and solve for v. f. v = f3𝜆3= 4.2× 1.0= 4.2 ms−1

g. 1. The nth harmonic is given by the expression
fn= nv

2L
= nf1 where f3 = 4.2 Hz.

g. 1. f3 = 4.2= 3× f1

f1 = 4.2
3
= 1.4Hz

The fundamental frequency for the wire is
1.4 Hz.

2. The fundamental wavelength can be found

using the rule 𝜆n= 2L

n

2. 𝜆1 = 2L= 2× 1.5= 3.0m
The fundamental wavelength is 3.0 m.
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PRACTICE PROBLEM 4

The tension in the wire is now increased so that the speed of the travelling waves is 6.0 m s−1.
a. What will be the respective frequencies f 1, f 2 and f 3 of the first, second and third harmonic

standing waves now?
b. For each of the first three harmonics, what will be the wavelengths 𝜆1, 𝜆2 and 𝜆3?

8.3 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

8.3 Quick quiz 8.3 Exercise 8.3 Exam questions

8.3 Exercise

1. In each of the following diagrams, two waves move towards each other.

A.

B.

C.

Identify the diagram (or diagrams) showing waves that, as they pass through each other, could experience:
a. only destructive interference
b. only constructive interference.

2. Explain superposition and when it occurs.
3. Explain constructive interference is and when it occurs.
4. The following diagrams show the positions of three sets of two pulses as they pass through each other.

Copy the diagrams and sketch the shape of the resultant disturbances.
a. b. c.

5. Determine the wavelength of a standing wave if the nodes are separated by a distance of 0.75 m.
6. The following figure shows a standing wave in a string. At that instant (t = 0) all points of the string are at their

maximum displacement from their rest positions. (The string is fixed at both ends.)

If the period of the standing wave is 0.40 s, sketch diagrams to show the shape of the string at the following
times:
a. t = 0.05 s b. t = 0.1 s c. t = 0.2 s d. t = 0.4 s.
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7. Kim and Jasmine set up two loudspeakers in the following arrangements:
• The speakers face each other, so that a standing wave is produced between the speakers.
• They are 10 m apart.
• The speakers are in phase and produce a sound of 330 Hz.
Jasmine uses a microphone connected to a CRO (Cathode Ray Oscilloscope) and detects a series of
points between the speakers where the sound intensity is a maximum. These points are at distances of
3.5 m, 4.0 m and 4.5 m from one of the speakers.

a. Explain what causes the maximum sound intensities at these points.
b. Determine the wavelength of the sound being used.
c. Calculate the speed of sound on this occasion.

8. A standing wave is set up by sending continuous waves from opposite ends of a string. The frequency of the
waves is 4.0 Hz, the wavelength is 1.2 m and the amplitude is 10 cm.
a. Calculate the speed of the waves in the string.
b. Determine the distance between the nodes of the standing wave.
c. Calculate the maximum displacement of the string from its rest position.
d. Determine how many times per second the string is straight (flat).

9. A standing wave is set up by sending continuous waves from opposite ends of a string. The frequency of the
waves is 2.5 Hz, the wavelength is 2.4 m and the amplitude is 0.040 m.
a. Calculate the speed of the waves in the string.
b. Determine the distance between the nodes of the standing wave.
c. Calculate the maximum displacement of the string from its rest position.
d. Determine how many times per second the string is straight.

10. A guitar string is capable of supporting many discrete frequencies when plucked. The length of the guitar
string is 0.80 m, and travelling waves on the string have a speed of 650 m s−1. Determine the frequency of
the first three harmonics.

8.3 Exam questions

Question 1 (4 marks)
Source: VCE 2020, Physics Exam, Section B, Q.13; © VCAA

A 0.8m long guitar string is set vibrating at a frequency of 250 Hz. The standing wave envelope created in the
guitar string is shown in the following figure.

 0.8 m

a. Calculate the speed of the wave in the guitar string. (2 marks)
b. The frequency of the vibration in the guitar string is tripled to 750 Hz. On the guitar string, draw the shape of

the standing wave envelope now created. (2 marks)

Question 2 (2 marks)
Source: VCE 2019, Physics Exam, Section B, Q.13; © VCAA

In an experimental set-up used to investigate standing waves, a 6.0 m length of string is fixed at both ends, as
shown in the following figure. The string is under constant tension, ensuring that the speed of the wave pulses
created is a constant 40 m s–1.

 

6.0 m

fixed end fixed end

In an initial experiment, a continuous transverse wave of frequency 7.5 Hz is generated along the string.
a. Determine the wavelength of the transverse wave travelling along the string. (1 mark)
b. Will a standing wave form? Give a reason for your answer. (1 mark)

TOPIC 8 Light as a wave 437



Question 3 (6 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.14; © VCAA

Figure 13 shows a simple apparatus that can be used to determine the frequency of a tuning fork.

tuning fork metal wire

under tension

supports for wire

hanging weight

Figure 13

fixed peg

The apparatus consists of two supports and a metal wire that is stretched between a fixed peg and a hanging
weight. The wire is under tension.

The tuning fork is set vibrating and is then touched onto the wire close to the left-hand support, which makes the
wire vibrate at the same frequency as the tuning fork.
a. Draw a diagram of the simplest standing wave pattern that can exist on the vibrating section of the wire (the

fundamental) between the two supports. (2 marks)
b. When the distance between the supports is 0.92 m, the fundamental frequency resonates in the wire.

Calculate the wavelength of the fundamental. Show your working. (2 marks)
c. Calculate the frequency of the tuning fork if the speed of the waves in the wire is 224ms−1.

Show your working. (2 marks)

Question 4 (4 marks)
Source: VCE 2017, Physics Exam, Section B, Q.16.a,b; © VCAA

Standing waves are formed on a string of length 4.0 m that is fixed at both ends. The speed of the waves is
240 m s–1.
a. Calculate the wavelength of the lowest frequency resonance. (2 marks)
b. Calculate the frequency of the second-lowest frequency resonance. (2 marks)

Question 5 (3 marks)
Source: Adapted from VCE 2017, Physics Exam, Section B, Q.16.c; © VCAA

Explain the physics of how standing waves are formed on a string. Include a diagram in your response.

More exam questions are available in your learnON title.

8.4 Diffraction of light

KEY KNOWLEDGE

• Investigate and explain theoretically and practically diffraction as the directional spread of various
frequencies with reference to different gap width or obstacle size, including the qualitative effect of changing

the
𝜆
w

ratio and apply this to limitations of imaging using electromagnetic waves

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

Waves spread out as they pass around objects or travel through gaps in barriers.

diffraction the spreading out, or
bending of, waves as they pass
through a small opening or move
past the edge of an object

Diffraction is the directional spread of waves as they pass through gaps or pass
around objects. The amount of diffraction depends on two factors:

i. the wavelength of the wave, 𝜆
ii. the width of the gap or the size of the obstacle, for which w will be used as

the variable.
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8.4.1 Varying the wavelength and gap width
The diffraction of waves can be modelled with water waves in a ripple tank. Figure 8.16 shows the way that
these waves diffract in various situations. The diagrams apply equally well to the diffraction of sound waves
and light.

The larger the wavelength 𝜆 (in figures 8.16b, d and f), the larger or more significant the amount of diffraction
(more spreading).

FIGURE 8.16 Diffraction of water waves: a. short wavelength around an object, b. long wavelength around the
same object, c. short wavelength through a gap, d. long wavelength through the same gap, e. short wavelength
around the edge of a barrier and f. long wavelength around the edge of the same barrier

c.

Shadow

Shadow

Shadow

a.

e.

Shadow

d.

b.

f.

Shadow

With the same object, the

longer the wavelength, the

greater the diffraction.

With the same gap, the

longer the wavelength,

the greater the diffraction.

The region where waves do not travel is called a shadow. As a general rule, if the wavelength is less than the size
of the object, there will be a significant shadow region.

When waves diffract through a gap of width w in a barrier, the amount of diffraction is proportional to the ratio𝜆
w

. As the value of this ratio increases, so too does the amount of diffraction that occurs and sharp shadows are

less obvious.

SAMPLE PROBLEM 5 Describing the amount of diffraction of radio waves and
microwaves caused by a buildingtlvd-9009

Electromagnetic radio waves and microwaves are used to transmit data from one tower to another
location. However, buildings can act as obstacles. Radio waves have a frequency of the order 106 Hz
whereas microwaves have a frequency of the order 1011 Hz. Describe the amount of diffraction of
the two types of waves as they pass around a building. For which wave would there be a significant
shadow behind the building? Explain.

Take the speed of light to be 3.0 × 108 m s–1 and the building to be an obstacle of size 30 m.
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THINK WRITE

1. First calculate the wavelengths of the two
waves using the formula 𝜈 = f𝜆.

For radio waves
v = f𝜆𝜆 = v

f= 3.0× 108

106= 300m
For microwaves
v = f𝜆𝜆 = v

f= 3.0× 108

1011= 0.003m= 3mm
2. Diffraction is more significant when the

wavelength 𝜆 is large compared to w, in this
case the size of the building.

There will be a large diffraction spread for radio
waves of wavelength 300 m because the ratio𝜆
w
= 300

30
= 10, which is much greater than 1.

There will be a small diffraction spread for
microwaves of wavelength 0.003 m because the ratio𝜆
w
= 0.003

30
= 1.0× 10−4, which is much less than 1.

3. When diffraction is significant there is little
shadow behind an obstacle.

There will be little shadow behind the building using
radio waves, but a shadow behind the building when
using microwaves.

PRACTICE PROBLEM 5

Diffraction effects are being studied with a microwave source of 6.0 × 1011 Hz and an infrared
source of 1.5 × 1013 Hz. Radiation from each source is passed through a narrow slit. The microwaves
demonstrate behaviour associated with diffraction, yet the infrared source does not. Take the speed of
light to be 3.0 × 108 m s–1.
a. Use physics to explain why microwaves demonstrate diffraction yet the infrared radiation does not.
b. How would you modify the arrangement to observe diffraction effects using infrared radiation?

8.4.2 Light also diffracts
The word ‘diffraction’ was coined by Francesco Grimaldi (1618–1663) to describe a specific observation he
made of light. He observed that, when sunlight entered a darkened room through a small hole, the spot was
larger than would be expected from straight rays of light. He also noted that the border of the spot was fuzzy
and included coloured fringes. He observed a similar effect when light passed around a thin wire or a strand
of hair.

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

Newton was aware of Grimaldi’s observation of ‘diffraction’. He interpreted it
using his particle model, arguing that the observed effect was due to light particles
interacting with the edges of the hole as a refraction effect. He argued that if light
was a wave, the bending would be much greater. Newton’s conclusions on the particle
model were enough for scientists even a hundred years later, in Young’s time, to doubt
any experimental evidence supporting the wave model.

440 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



FIGURE 8.17 Diffraction of red light through a slit

Source: University of Cambridge

As technology improved, the investigation of the diffraction of light revealed more than just the observation of
spreading:

• The pattern had a central bright region with narrower and less bright regions either side.
• There was a dark gap between the bright regions.
• The central region was twice as wide as the other regions, which were all

about the same size.
• The pattern for red light was more spread out than that for blue light.

FIGURE 8.18 Relative intensity and diffraction
patterns through an identical slit for a. blue light
and b. red light. As the wavelength increases, the
pattern spreads out more.
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on screen

Relative

intensity

a.

Pattern displayed

on screen

Relative

intensity

Bright central

maximum

b.

FIGURE 8.19 Diffraction patterns change with
gap width. As the gap width gets smaller, the
pattern spreads out (more diffraction).

Source: University of Cambridge

Figure 8.18 and figure 8.19 confirm that light satisfies the same relationships as other waves; that is:

• the amount of spreading is proportional to the wavelength, 𝜆
• the amount of spreading is proportional to the inverse of the gap width,

1

w
.
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The diffraction pattern is characterised with a bright central maximum and almost evenly spaced bright and
dark regions either side of this central maximum. The dark regions can be best explained using the concept of
destructive interference. At a dark region on the pattern, part of the wave passing through the gap destructively
interferes with another part of the wave passing through the gap. This is shown in figure 8.20, where part of
the wave at a1 combines with part of the wave at b1. At these dark regions, a crest from a1 superimposes with
a trough from b1 and vice versa, resulting in wave cancellation or destructive interference, which is seen or
interpreted as a dark region.

FIGURE 8.20 Point sources in a diffraction gap

a1

b1w Intensity

λ

θ

Similarly, bright regions are explained by constructive interference where the superposition of waves results in a
larger amplitude.

With decreasing gap width, w, the pattern simply spreads out. This is best explained by considering that a point

source of waves spreads out in all directions evenly. When the ratio
𝜆
w

ratio is significantly greater than 1, the

diffraction pattern is readily observable. When this ratio is significantly less than 1, diffraction effects are more
difficult to observe. However, if diffraction is observed it clearly indicates the radiation passing through a gap

or around an obstacle can be modelled as a wave and not as a particle. The relationship sin 𝜃 = 𝜆
w

provides an

explanation for the observations of the diffraction of light:
• A longer wavelength ⇒ the angle of the first minimum is greater ⇒ the pattern is wider ⇒ more

diffraction.
• A larger gap width ⇒ the angle of the first minimum is smaller ⇒ the pattern is narrower ⇒ less

diffraction.
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8.4.3 Diffraction and optical instruments

FIGURE 8.21 Images produced by two
point light sources as they get closer, from
a. to c.

a.

b.

c.

Diffraction limits the usefulness of any optical instrument,
whether it be your eye, a microscope or a telescope. It even
affects radio telescopes.

The pupil of your eye is the gap through which light enters
the eye. The objective lens of a microscope or a telescope
determines how much light the instrument captures. These all
have a width, so a diffraction effect is unavoidable. Diffraction
limits the instrument’s capacity to distinguish two objects that
are very close to each other.

In the images in figure 8.21, light from two close sources
passes an optical device and produces image (a), showing
two distinct spots. When the two sources are moved closer
together, image (b) is produced, and the spots begin to merge.
Moving the two sources even closer together produces image
(c); the two spots are now one broad spot. At the separation
that produces image (b), the diffraction patterns produced by
the optical device begin to overlap so that the central maximum
of one pattern sits on the minimum of the other. This separation
is the limit of the device to resolve the detail in an image; it
is called the diffraction limit or resolution of the device. The
higher the resolution, the clearer the image.

The diffraction limit of a device depends on the ratio
𝜆
w

. Thus,

a shorter wavelength gives a better resolution, as does a larger
aperture for the optical device, such as in the use of electron
microscopes.

FIGURE 8.22 The diffraction patterns of two point sources overlap as the sources move closer together.

Resolved
Diffraction

limit

Unresolved
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8.4 Quick quiz 8.4 Exercise 8.4 Exam questions

8.4 Exercise

1. Light diffracts when it passes through a sufficiently narrow opening. Explain whether this is evidence for light
being a type of wave or a stream of particles.

2. A sound of wavelength 𝜆 passes through a gap of width w in a barrier. Explain how the following changes will
affect the amount of diffraction that occurs.
a. 𝜆 decreases
b. 𝜆 increases
c. w decreases
d. w increases

3. Consider the diffraction pattern produced when light passes through a narrow opening.
a. How does the first minimum from the principal axis in the pattern occur in relation to the interference of

waves passing through the narrow opening?
b. On the same axes, sketch the diffraction pattern produced by blue light and red light passing through the

same narrow opening. Be sure to appropriately label.
c. Repeat part b but this time for light passing through an opening that is narrower.

4. White light consisting of all colours passes through a narrow slit and projects onto a distant screen, which
shows bright and dark bands with coloured fringes.
a. Explain how the coloured fringes arise.
b. Explain why red fringes are observed at the furthermost extent from the central white maximum.

5. A beam of green light is directed at a small obstacle and a shadow is cast onto a distant screen. The shadow
is not as sharp as one would expect. Using models for light, predict the characteristics of the shadow.
a. Comment on why this blurred edge shadow is evidence for the wave nature of light.

The light source is changed from green to red light and a shadow is produced on the screen.
b. Would the shadow appear less or more sharp? Explain using your understanding of the wave nature of

light.
c. The beam of green light is restored and, this time, a smaller object is placed in it. Again a shadow is cast

onto a distant screen. Would the shadow cast appear less or more sharp than that cast by the larger
object?

8.4 Exam questions

Question 1 (3 marks)
Source: VCE 2022 Physics Exam, Section B, Q.16; © VCAA

A small sodium lamp, emitting light of wavelength 589 nm, is viewed at night through two windows from across
a street. The glass of one window has a fine steel mesh covering it and the other window is open, as shown in
Figure 18. Assume that the sodium lamp is a point source at a distance.

A Physics student is surprised to see a pattern formed by the light passing through the steel mesh but no pattern
for the light passing through the open window. She takes a photograph of the observed pattern to show her
teacher, who assures her that it is a diffraction pattern.
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sodium lamp point

source at a distance

open window
window with

fine steel mesh

Figure 18

a. State the condition that the fine steel mesh must satisfy for a diffraction pattern to form. (1 mark)
b. Explain why the condition stated in part a does not apply to the open window. (2 marks)

Question 2 (2 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.14; © VCAA

To explain different aspects of mechanical waves, a Physics teacher sets up a demonstration in a Physics
laboratory using a 0.80 m wide loudspeaker and a microphone. The microphone measures the sound intensity at
different positions on a circle around the speaker from position A to position B, as shown in Figure 17.

A

loudspeaker

Figure 17

B

The speed of sound in the Physics laboratory is 334ms−1. Measurements are made at frequencies of 100 Hz and
10000 Hz. The loudspeaker emits the 100 Hz and 10000 Hz frequencies with equal intensity. Figure 18 shows
the intensity, I, measured for each frequency at positions on the semicircular line shown in Figure 17 between
positions A and B.

A

I

B

Figure 18

10 000 Hz

100 Hz

Explain why the response at 10 000 Hz has a greater intensity directly in front of the loudspeaker, while the
response at 100 Hz is nearly the same at all positions.
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Question 3 (1 mark)
Source: VCE 2020 Physics Exam, Section A, Q.14; © VCAA

MC Students are investigating the diffraction of waves using a ripple tank. Water waves are directed towards
barriers with gaps of different sizes, as shown below.

In which one of the following would the greatest diffraction effects be observed?

gap 2.0 cm

barrier

wavelength

1.0 cm

A.

gap 2.0 cm

barrier

wavelength

2.0 cm

B.

gap 3.0 cm

barrier

wavelength

1.0 cm

C.

gap 3.0 cm

barrier

wavelength

2.0 cm

D.

Question 4 (2 marks)
Source: Adapted from VCE 2017 Physics Exam, NHT, Section A, Q.17c; © VCAA

A teacher uses a microwave set that has wavelength 𝜆= 3.0 cm with a single slit of width w and measures the
width, y cm, of the diffraction pattern at point P, as shown in Figure 27.

Figure 27

microwave 

transmitter slit

w
y

P

microwave detector

The microwave set has two wavelength settings: 3.0 cm and 6.0 cm. The teacher changes the setting from
3.0 cm and 6.0 cm.

Describe the effect of changing the wavelength setting on the pattern as observed. Explain your answer.

Question 5 (1 mark)
Source: VCE 2016 Physics Exam, Section A, Q.18.c; © VCAA

MC Amelia and Rajesh replace the double slits with a single slit of width w, as shown in the following figure.
They find that the width of the central maximum of the diffraction pattern is y.

 

laser

single slit
screen

w y

They replace the single slit with another single slit of width 2w.
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Which one of the following (A–D.) will Amelia and Rajesh observe in the diffraction pattern?
A. The width will be y, but twice the intensity.
B. The width will be y, but half the intensity.
C. The width will be approximately 2y.

D. The width will be approximately
1

2
y.

More exam questions are available in your learnON title.

8.5 Interference of light

KEY KNOWLEDGE

• Explain the results of Young’s double-slit experiment with reference to:
• evidence for the wavelike nature of light

• constructive and destructive interference of coherent waves in terms of path differences: n𝜆 and
(

n+ 1

2

)𝜆 respectively, where n=0,1,2, …
• effect of wavelength, distance of screen and slit separation on interference patterns: ∆x= 𝜆L

d
when

L≫d

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

8.5.1 Young’s double-slit experiment
Thomas Young (1773–1829) was keenly interested in many things. He had already built a ripple tank to show
that the water waves from two point sources with synchronised vibrations show evidence of interference. He was
keen to see if he could observe interference with the interaction of two beams of light.

In one of his experiments, Young made a small hole in a window blind. He placed a converging lens behind the
hole so that the cone of sunlight became a parallel beam of light. He then allowed light from the small hole to
pass through two pinholes that he had punctured close together in a card. On a screen about two metres away
from the pinholes, he again noticed coloured bands of light where the light from the two pinholes overlapped.
Figure 8.23 shows Young’s experimental arrangement.

coherent same frequency and
waveform (in phase)

Young deliberately had just one source, the hole in the blind, because he wanted the light coming though the
two pinholes to be coherent. Two light sources are coherent when there is a constant phase difference between
them, and they have the same frequency. This can also be described as being in phase. If Young had used two
separate sources of light, one for each pinhole, their light would have been incoherent, and no discernible pattern
on the screen would have been seen. To explain the evenly spaced bright and dark bands on the screen requires
light to be treated as a wave. If light were a particle, the two pinholes would result in the light producing two
bright spots on the screen instead of a series of bright and darks bands, as observed. Also, if the pinholes were
placed closer together, the two bright spots would also be closer together if light behaved like particles. When
the pinholes are more closely spaced, the bright and dark bands on the screen are
more spread out. This is consistent with properties associated with the
interference of coherent waves passing through both openings.
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FIGURE 8.23 Young’s experiment

Parallel beam

of light

Screen
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Light and
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8.5.2 Interference of waves in two dimensions

FIGURE 8.24 An interference pattern obtained in water by
using two point sources that are in phase

Interference of waves can be observed in a
ripple tank. When two point sources emit
continuous waves with the same frequency
and amplitude, the waves from each source
interfere as they travel away from their
respective sources. If the two sources are in
phase (producing crests and troughs at the
same time as each other), an interference
pattern similar to that shown in figure 8.24
is obtained.

Lines are seen on the surface of the water
where there is no displacement of the water
surface. These lines are called nodal lines (see
figure 8.25).

FIGURE 8.25 Nodal and antinodal lines in a ripple tank with two sources

Source 1

Antinodal lines

(constructive

interference)

Nodal lines

(destructive

interference)

Source 2
nodal line line where destructive
interference occurs on a surface,
resulting in no displacement of the
surface
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They are caused by destructive interference between the two sets of waves. At any point on a nodal line, a crest
from one source arrives at the same time as a trough from the other source, and vice versa. Any point on a nodal
line is sometimes called a local minimum, because of the minimum disturbance that occurs there, as shown in
figure 8.26.

FIGURE 8.26 Destructive interference of waves arriving exactly out of phase

Source 1

Source 2

P

Source 1

Source 2

=

+

Destructive

interference

Between the nodal lines are regions where constructive interference occurs. The centres of these regions are
called antinodal lines. At any point on an antinodal line, a crest from one source arrives at the same time as a
crest from the other source, or a trough from each source arrives at the same time. Any point on an antinodal line
is sometimes called a local maximum because of the maximum disturbance that occurs there, as shown in
figure 8.27.

FIGURE 8.27 Constructive interference of waves arriving in phase

Source 1

Source 2

Source 1

Source 2

P

=+

Constructive

interference

When the two sources are in phase, as shown in figure 8.24, the interference pattern produced is symmetrical
with a central antinodal line. Any point on the central antinodal line is an equal distance from each source. Since
the sources produce crests at the same time, crests from the two sources will arrive at any point on the central
antinodal line at the same time.

Similar analysis will show that, for any point on the first antinodal line on either side of the centre of the pattern,
waves from one source have travelled exactly one wavelength further from one source than from the other. This
means that crests from one source still coincide with crests from the other, although they were not produced at
the same time.

antinodal line line where
constructive interference occurs
on a surface

Point PA in figure 8.28 is on the first antinodal line from the centre of the pattern.
It can be seen that point PA is 4.5 wavelengths from S1 and 3.5 wavelengths
from S2.
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FIGURE 8.28 Interference pattern produced by two sources in phase

S1 S2

Trough
Crest

A
A

A

N
N

n = 0 n = 0
n = 1

n = 1

n = 2

Central Antinodal Line

(bright band)

First Antinodal Line

(bright band)

PN

PA

path difference the difference
between the lengths of the paths
from each of two sources of waves
to a point

A way to establish whether a point is a local maximum is to look at the distance it is
from both sources. The difference between the lengths of the two paths travelled by
the waves to reach a given point is called the path difference. If the path difference at
a point is n𝜆, the point is a local maximum (bright band or constructive interference
region).

Constructive interference

For a point to be an antinode:

path difference= |d(PS1)− d(PS2)| = n𝜆 n= 0, 1, 2, 3, 4, …
where: n is the number of the antinodal line from the centre of the pattern

𝜆 is the wavelength, in m

P is the point in question

S1 and S2 are the sources of the waves

d(PS1) is the distance from P to S1, in m

d(PS2) is the distance from P to S2, in m.

Similar analysis shows that, for a point on a nodal line, the difference in distance from the point to the two

sources is
1

2
𝜆 or 1

1

2
𝜆 or 2

1

2
𝜆 and s0o on. This means that a crest from one source will coincide with a trough

from the other source, and vice versa. Point PN in figure 8.28 is 5 wavelengths from S1 and 4.5 wavelengths
from S2.
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Destructive interference

For a point to be a node:

path difference= |d(PS1)− d(PS2)| =(

n+ 1

2

) 𝜆 n= 0, 1, 2, 3, 4, …
where: n is the number of the nodal line obtained by counting outwards from the central antinodal line

𝜆 is the wavelength, in m

P is the point in question

S1 and S2 are the sources of the waves

d(PS1) is the distance from P to S1, in m

d(PS2) is the distance from P to S2, in m.

SAMPLE PROBLEM 6 Determining the path difference on nodal and antinodal lines
tlvd-9010

Two point sources S1 and S2 emit waves in phase in a swimming pool. The wavelength of the waves is
1.00 m. P is a point that is 10.00 m from S1, and P is closer to S2 than to S1. How far is P from S2 if:
a. P is on the first antinodal line from the central antinodal line
b. P is on the first nodal line from the central antinodal line?

THINK WRITE

a. 1. d(PS1) is greater than d(PS2); If P is on the
first antinodal line from the central antinodal
line, then: d(PS1) − d(PS2) = 𝜆

a. d (PS1)− d (PS2)=𝜆
2. d(PS1) = 10.00 m, 𝜆 = 1.00 m d(PS2) = d(PS1)−𝜆= 10.00 m− 1.00 m= 9.00 m

b. 1. d(PS1) is greater than d(PS2); If P is on the
first nodal line from the central antinodal line, then:

d (PS1)− d (PS2)= 1

2
𝜆

b. d (PS1)− d (PS2)= 1

2
𝜆

2. d(PS1) = 10.00 m, 𝜆 = 1.00 m d(PS2) = d(PS1)− 1

2
𝜆= 10.00 m− 0.50 m= 9.50 m

PRACTICE PROBLEM 6

Two point sources S1 and S2 emit waves in phase in a swimming pool. The wavelength of the waves is
1.00 m. P is a point that is 10.00 m from S1, and P is closer to S2 than to S1. How far is P from S2 if:
a. P is on the second antinodal line from the central antinodal line
b. P is on the second nodal line from the central antinodal line?
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Resources

Video eLesson Young’s experiment (interference effects with white light) (eles-0027)

Interactivity Young’s experiment (interference effects with white light) (int-0051)

8.5.3 Interpreting Young’s experiment
Young used the wave model for light to analyse his observations. The hole in the window blind is considered
a source of spherical waves. When these waves pass through the pinholes, each pinhole becomes a secondary
source of spherical waves (figure 8.29). Waves from the two pinholes overlap on the screen, and their effects add
together to produce the pattern (as seen in figure 8.30).

FIGURE 8.29 Light waves in Young’s
experiment

FIGURE 8.30 A light pattern produced by a modern
performance of Young’s experiment

The waves reaching the screen have travelled from the source along two alternative routes, through one pinhole
or the other. The difference between the lengths of the two paths is called the path difference. If the path
difference results in the crests of the wave from one pinhole always meeting the troughs of the wave from the
other pinhole (exactly out of phase) then destructive interference occurs and that place on the screen is a dark
band. This links back to the diffraction patterns discussed in subtopic 8.4. Destructive interference occurs when

the path difference is a whole number, plus one half, multiplied by the wavelength of the light:

(

n+ 1

2

) 𝜆
where n = 0, 1, 2, …. A bright band occurs when the path difference is a whole number of wavelengths,
meaning the waves are in phase: crests reinforcing crests and troughs reinforcing troughs.
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FIGURE 8.31 Maximum intensity occurs for the maximum amplitude light wave, because of constructive
interference. For example, at P, S2P − S1P = 𝜆.
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Constructive interference occurs when the path difference is a whole number multiple of the wavelength of the
light, n, again where n is the number of bright bands from the central bright band.

This can be summarised as follows:

Constructive interference: path difference = n𝜆, n = 0, 1, 2, 3...

Destructive interference: path difference =

(

n+ 1

2

) 𝜆, n = 0, 1, 2, 3...

where:𝜆 is the wavelength of the light source

Think about performing Young’s experiment with a light source emitting light of only one wavelength, say
600 nm (6 × 10−7 m) in the richly yellow part of the spectrum. Constructive interference will occur if the path
difference between the two routes to the screen is 0, 600 nm, 1200 nm, 1800 nm, and so on (n × 600 nm).
However, if the path difference is 300 nm, 900 nm, 1500 nm, and so on (n + 0.5 × 600 nm), where n is an
integer, then there will be destructive interference.

SAMPLE PROBLEM 7 Examining interferences in Young’s experiment
tlvd-9011

Red light of wavelength 640 nm is passed through a pair of slits, S1 and S2, to produce an interference
pattern, like that shown in figure 8.31.
a. Determine the path difference for the third bright band from the central bright band.
b. Consider the second dark band from the central bright band. Determine how much further S2 is

than S1 from the second dark band.
c. Red light is replaced with purple light. Explain what happens to the interference pattern.
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THINK WRITE

a. The third bright band has a path difference of 3𝜆. a. The path difference is: 3 × 640 = 1920 nm.

b. The second dark band arises because of
destructive interference where the path difference

is
3𝜆
2

.

b. S2 is further away from this dark band than S1 by the
following distance:
3𝜆
2
= 3× 640

2= 910 nm

c. The wavelength for purple light is less than for
red light.

c. The pattern is now more compact or compressed as
the distance between the bands is decreased, due to
the smaller wavelength of the purple light.

PRACTICE PROBLEM 7

A student creates an interference pattern using green light of wavelength 530 nm. The pattern is
shown in the following diagram.

A

Central maximum

B

a. Calculate the path difference for the points marked A and B.
b. The student increases the distance between the two slits. Describe what happens to the pattern.
c. She now changes the light source from green to red. Describe what happens to the pattern now.
d. Explain why the interference pattern is strong evidence for the wave nature of light.

Resources

Weblink The atomic lab: wave interference

8.5.4 Diffraction and two-slit interference
When light from a point source illuminates a double slit, each slit produces its own diffraction pattern with a
wide central maximum and smaller side maxima. If the two slits are close together, these two patterns overlap,
and the light coming from each slit interferes with the light coming from the other slit. This produces an
interference pattern associated with the two closely separated slits but combined with the effects of diffraction
due to the limited width of each slit.
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FIGURE 8.32 Interference pattern from two slits that are not extremely narrow. The slits in the bottom section of
the image are narrower than those for the top section of the image because the central maximum is wider.

Wider slits

Narrower slits

8.5.5 Spacing of bands in an interference pattern
The previous section developed expressions relating the path difference to the light and dark bands in an
interference pattern. These expressions are important in understanding Young’s experiment, but the path
difference cannot be measured. What can be measured in this experiment is:

• the separation of the two slits, d
• the wavelength, 𝜆
• the distance of the screen from the two slits, L
• the spacing between alternate bands in the pattern (either the bright or dark bands), x.

A relationship between these four quantities is Δz= 𝜆L
d

and is useful to calculate any of the unknowns.

If the separation of the two slits, d, is very much less than the distance L, then the two lines S1P and S2P are
effectively parallel, as shown in figure 8.33. Typically, d is about 1 mm and L is about 2 metres.

FIGURE 8.33 Exploring the relationship between d, 𝜆, L and x
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In the first of the two diagrams in figure 8.33, S1Z is a line drawn across the two light paths at right angles.
The distances from S1 to P and from Z to P will be equal to each other. This means the path difference is S2Z.

From the right-angled triangle with corners at S1, Z and S2, and a right angle at Z, sin 𝜃 = path difference

d
, or

path difference= d sin 𝜃.

For bright lines, d sin 𝜃 = n𝜆, where n is a positive integer.

From the second of the two diagrams in figure 8.33, tan 𝜃 = xn
L

, but for small angles less than 10°, tan 𝜃 and sin 𝜃
have similar values to within about 1%.

So, for small angles,
n𝜆
d
= xn

L
, giving xn= n𝜆L

d
, and for n+ 1, xn+1 = (n+ 1)𝜆L

d
.

The spacing between adjacent bright lines, xn+1 − xn=Δx is given by:

Δx= 𝜆L
d

when L≫ d

where: Δx is the spacing between bands (either light or dark)𝜆 is the wavelength of the light waves

L is the distance of the screen from the slits

d is the slit separation.

SAMPLE PROBLEM 8 Determining the spacing between bright bands in an interference
patterntlvd-9012

Sodium light of wavelength 589 nm is directed at a slide containing two slits that are 0.500 mm apart.
Determine what the spacing between the bright bands in the interference pattern will be on a screen
that is 1.50 m away.

THINK WRITE

1. List the known information, ensuring that all
values are in the same unit.

𝜆 = 589 nm = 589 × 10−9 m;
L = 1.50 m; d = 0.500 × 10−3 m;Δx = ?

2. Use the relationship Δx= 𝜆L
d

to calculate the

spacing between bright bands.

Δx = 𝜆L
d= 589× 10−9 × 1.50

0.500× 10−3= 0.001 77 m= 1.77 mm
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PRACTICE PROBLEM 8

Interference bands are formed on a screen that is 2.00 m from a double slit with separation 1.00 mm.
The bands are measured to be 1.30 mm apart.
a. What is the wavelength of the light?
b. What is its colour?
c. How would the pattern change if blue light was used?
d. How could the experimental design be changed to make it easier to measure the line spacing in the

pattern?

How does Young’s experiment provide evidence that supports the wave model?

Young postulated that light is a wave and is subject to the superposition principle.

Young’s interference experiment showed that lights passing through two slits add together (constructive
interference) or cancel each other (destructive interference), creating an interference pattern.

Interference is a property of waves.

This phenomenon cannot be explained unless light is considered as a wave.

Thus Young’s experiment provides evidence supporting the wave model of light.

8.5 Activities

Students, these questions are even better in jacPLUS
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8.5 Quick quiz 8.5 Exercise 8.5 Exam questions

8.5 Exercise

1. Young’s double-slit experiment was a significant experiment in the development of understanding about light
and matter.
a. Explain what has been learned about the nature of light from Young’s experiment.
b.When light is passed through a pair of narrow closely spaced slits, an interference pattern is formed.

Explain what an interference pattern is and how it is formed.
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2. Jill and William are studying the effect of passing laser light of wavelength 530 nm through a pair of slits and
forming a pattern on a screen several metres away. The following diagram shows the experimental
arrangement.

Bright band

Laser

Slits

Screen

Dark band

S1 S2

Part of the interference pattern observed is shown in the next diagram. Point C represents the position of the
central maximum (bright band), and point W represents the second maximum (bright band) from the centre of
the pattern.

CW

a. Explain whether the pattern on the screen is evidence for the wave nature of light or for the particle nature
of light.

b. Determine whether W is a point where constructive or destructive interference is occurring.
c. Determine the path difference |S1C – S2C|.
d. Determine the path difference |S1W – S2W|.
e. State the three smallest path differences that would give rise to dark regions on the screen.
f. Determine how many dark regions there are in between C, the central maximum, and W, the second

maximum from the central maximum.
3. A student shines a helium–neon laser, which produces light with a wavelength of 633 nm, through two slits

and produces a regular pattern of light and dark patches on a screen as shown in the following diagram. The
centre of the pattern is the band marked A. Using a wave model, light can be described as having crests and
troughs.

C
•

A
•

B
•

a. Use these terms to explain:
i. the bright band labelled A
ii. the dark band labelled B.

b. Determine the path difference in the distance light has travelled from the two slits to:
i. the bright band labelled A
ii. the dark band labelled B
iii. the bright band labelled C.

c. Using the same experimental set-up, but replacing the laser with a green argon ion laser emitting 515 nm
light, explain what changes would occur to the interference pattern.

d. The helium–neon laser is set up again. The distance between the two slits is now increased. Explain the
changes to the interference pattern shown.

e. The screen on which the interference pattern is projected is moved further away from the slits. Explain the
changes to the interference pattern shown.
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4. Infrared radiation with wavelength 1.06 µm can be passed through a pair of narrow slits and an interference
pattern produced.
a. List several path differences that would produce constructive interference for the radiation.
b. Now list several path differences that would produce destructive interference.

5. Light of wavelength 430 nm falls on a double slit of separation 0.500 mm. Determine the distance between the
central bright band to the first, second and third bright band respectively in the pattern on a screen placed
1.00 m from the double slit.

6. A group of students measures the wavelength of light emitted from a laser. They do this by producing an
interference pattern cast onto the wall of a classroom. The wall is 3.80 m away from the pair of slits, and they
locate the central maximum and measure the distance from it to the first bright fringe immediately opposite
the central maximum to be 1.90 cm. The slits are separated by a distance of 0.134 mm.
a. Determine the wavelength of the laser light.
b. Describe any changes in the pattern if the slits were separated by 0.100 mm.

7. A double slit is illuminated by light of two wavelengths, 600 nm and the other unknown. The two interference
patterns overlap with the third dark band of the 600 nm pattern coinciding with the fourth bright band from the
central band of the pattern for the light of unknown wavelength. Determine the value of the unknown
wavelength.

8.5 Exam questions

Question 1 (1 mark)
Source: VCE 2021 Physics Exam, NHT, Section A, Q.16; © VCAA

MC A red laser used in a double-slit experiment creates an interference pattern on a screen, as shown below.

screen

slits

laser

laser beam

bright band

dark band

S1 S2

The red laser is replaced with a green laser.

Which one of the following best explains what happens to the spacing between adjacent bright bands when the
green laser is used?
A. The spacing increases.
B. The spacing decreases.
C. The spacing stays the same.
D. The spacing cannot be determined from the information given.

Question 2 (6 mark)
Source: VCE 2022 Physics Exam, Section B, Q.12a-c; © VCAA

Students conduct an experiment in a Physics laboratory using a laser light source, two narrow slits and a screen,
as shown in Figure 10.
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screen

C

0.10 mm

slit separation

beam of laser

light directed

at slits

2.00 m

Figure 10

S1
S2

Point C is at the centre of the pattern of light and dark bands on the screen. The slit separation is 0.10 mm and
the distance between the two slits and the screen is 2.00 m.
a. The band at point C is a bright band.

Explain why the band at point C is bright and why there is a dark band to the left of the centre. (2 marks)

The experiment performed by the students is often described as Young’s double-slit experiment.
b. Explain how this experiment gave support to those who argued that light has a wave-like nature. (2 marks)

The frequency of the laser light is 6.00×1014 Hz.
c. Calculate the spacing of the dark bands on the screen. Show your working. (2 marks)

Question 3 (3 marks)
Source: VCE 2020 Physics Exam, Section B, Q.12; © VCAA

In a Young’s double-slit interference experiment, laser light is incident on two slits, S1 and S2, that are
4.0×10−4m apart, as shown in the following figure.

Rays from the slits meet on a screen 2.00 m from the slits to produce an interference pattern. Point C is at the
centre of the pattern. The figure shows the pattern obtained on the screen.

 

2.00 m

screen

4.0 × 10–4m

S1

S2 1.26 × 10–2m

C

P

C P

a. There is a bright fringe at point P on the screen.
Explain how this bright fringe is formed. (2 marks)

b. The distance from the central bright fringe at point C to the bright fringe at point P is 1.26×10−2m.
Calculate the wavelength of the laser light. Show your working. (1 mark)
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Question 4 (4 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.13; © VCAA

A seawall that is aligned north–south protects a harbour of constant depth from large ocean waves, as shown in
Figure 12.

The seawall has two small gaps, S1 and S2 which are 60 m apart. Inside the harbour, a small boat sails north
parallel to the seawall at a distance of 420 m from the seawall. At point C sits a beacon, equidistant from the two
gaps in the seawall.

The boat’s captain notices that, at about every 42 m, there is calm water, while there are large waves between
those calm points.

harbour
C

north

beacon

420 m

Figure 12

boat

ocean waves
60 m

S1

S2

seawall

a. Will the beacon at point C be in calm water or large waves? Give a reason for your answer. (2 marks)
b. Calculate the wavelength of the ocean waves. Show your working. (2 marks)

Question 5 (5 marks)
Source: VCE 2017 Physics Exam, NHT, Section A, Q.17a&b; © VCAA

A teacher uses a microwave set that has wavelength 𝜆= 3.0 cm to demonstrate Young’s experiment. The
apparatus is shown in Figure 26.

double slits

X

observed intensity

microwave detector

Figure 26

S1

S2microwave

transmitter

a. The microwave detector is placed at point X (the second nodal line out from the centre).
A minimum intensity is observed.
Estimate the path difference S1X−S2X. (2 marks)

b. Explain the importance of Young’s experiment in the development of the wave model of light. (3 marks)

More exam questions are available in your learnON title.
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8.6.2 Key ideas summary
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8.6 Review questions
1. 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. Calculate the period of the waves.
b. The waves radiate away from the source at a speed of 2.5 m s−1. Calculate the distance between two

adjacent peaks, that is, the wavelength of the waves.
c. If she increases the rate at which she makes waves, explain what will happen to the wavelength of the

waves and what will happen to the speed of the waves.

2. Sound produced by an opera singer has a frequency of 926 Hz.

a. Calculate the period of the sound wave.
b. Taking the speed of sound to be 340 m s−1, calculate the wavelength of this sound in air.

3. Blue light has a frequency of 6.5× 1014 Hz, and yellow light has a frequency of 5.2× 1014 Hz.

a. Determine the wavelength of both blue and yellow light in air. Take the speed of light in air to be
3.0× 108 m s−1.

b. Determine the period of both blue and yellow light.

4. Lasers can be rapidly switched on and off to produce a pulse of light. A particular pulse of blue light
(6.5 × 1014 Hz) consists of 1.0 × 106 complete cycles.
Calculate the distance between the start and end of this pulse. Hint: how much time would it take to produce
this pulse?

5. On a guitar, the bottom string is called the E-string. When tuned correctly, the fundamental or first harmonic
note has a frequency of 82.41 Hz.

a. When the E-string is plucked, a series of different frequencies or harmonics is produced. Determine the
frequencies of the first four harmonics.
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The length of the E-string on a typical acoustic guitar is 0.750 m and the string can be considered to be fixed
at both ends.

b. Calculate the wavelength of the fundamental tone on the string.
c. Use your result to part b to determine the speed of the travelling waves on the string.
d. Explain whether the waves on the string are transverse or longitudinal.
e. Consider the 3rd harmonic for this string. Calculate the distance between two adjacent nodes on the

string.

6. A student plays a note on a violin. The 4th harmonic associated with the note is 2460 Hz.

a. Determine the frequency of the fundamental associated with this note.
b. Draw the standing wave for this 4th harmonic to illustrate the location of nodes and antinodes on the

violin string.

The distance between the bridge of the violin and the position of the student’s finger on the string is 0.580 m.

c. Use your answer to part a to determine the speed of the travelling waves on the string.
d. Determine the distance between two adjacent antinodes on the string for the 4th harmonic.

7. The following image shows the shadow produced when light has passed the edge of a razor blade. Explain
why the shadow is not sharp and why there are regions of bright and dark light. Use the words diffraction
and interference in your answer.

Source: National High Magnetic Field Laboratory

8. Describe what diffraction is and state changes in a diffraction pattern when:

a. the wavelength of the waves is decreased, keeping the width of the opening constant
b. the width of the opening is decreased, keeping the wavelength constant.

9. When light passes through a narrow slit, a diffraction pattern is produced and can be displayed on a screen.
State two ways in which the amount of diffraction can be increased so that the pattern appears to be more
spread out.

10. Using your knowledge of interference, explain why a pattern consisting of many bright and dark regions
appears on a screen when light from a single source passes through two closely spaced, narrow slits.

11. A two-source interference pattern is produced in a school pool with two sources S1 and S2, each making
periodic surface waves with wavelength 0.80 m. This is shown in the following diagram with the horizontal
dotted line representing where the path difference is zero for the two sources.
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S1

S2

B

D

C

A

a. The distance S1A = 12.0 m. Calculate the distance S2A.
b. The point B lies on the first nodal line away from the dotted line. Calculate the path difference

|S1B – S2B|.
c. The path difference |S1C – S2C| is 1.6 m. Explain whether waves from S1 and S2 are constructively or

destructively interfering at point C.
d. The path difference |S1D – S2D| is 3.0 m and S1D = 14.8 m. Calculate the distance S2D.

12. A two-source interference experiment is produced in a ripple tank. A student locates a point of no
disturbance X along the first nodal line of the pattern, as shown in the following diagram.

X
S1

S2

a. In terms of the wavelength 𝜆, calculate the path difference |S1X – S2X|.
b. The student measures the distances S1X = 14.8 cm and S2X = 15.8 cm. Calculate the wavelength of the

surface waves generated in the ripple tank.
c. Waves are generated with frequency 8.0 Hz. Calculate the speed of the surface waves in the ripple tank.

13. The path difference to the third dark fringe in a standard two-slit interference pattern is 1250 nm.

a. Calculate the wavelength of the light used to make the interference pattern.
b. Calculate the path difference for the second bright fringe.

14. A two-slit interference pattern is constructed by a group of students, and a clear pattern like the one shown in
the following image is cast onto the wall of a classroom. The distance between two adjacent bright fringes is
shown as Δx. State three different ways in which the spacing Δx could be increased by a factor of 2.

 ΔX

15. A group of students is using a laser that emits light of wavelength 650 nm. They point the beam at a pair
of slits that they know has a slit separation of 0.10 mm. They wish to produce a two-slit interference
pattern, where the bright fringes are separated by 2.0 cm, as part of a display for an open day at their school.
Calculate the distance they must position the screen from the pair of slits to achieve this.
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8.6 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 2022 Physics Exam, Section A, Q.11; © VCAA

Which one of the following statements best describes transverse and longitudinal waves?

A. Both transverse waves and longitudinal waves travel in a direction parallel to their vibrations.

B. Both transverse waves and longitudinal waves travel in a direction perpendicular to their vibrations.

C. Transverse waves travel in a direction perpendicular to their vibrations; longitudinal waves travel parallel to
their vibrations.

D. Transverse waves travel in a direction parallel to their vibrations; longitudinal waves travel perpendicular to
their vibrations.

Question 2

Source: VCE 2022 Physics Exam, NHT, Section A, Q.12; © VCAA

The diagram below represents a standing wave on a string fixed at both ends, with a node at the centre. The
wave has a frequency of 5.0Hz and the distance between the two fixed ends is 2.0m.

2.0 m

Which one of the following would be closest to the speed of a transverse wave travelling on the string?

A. 0.40ms−1
B. 2.5ms−1
C. 5.0ms−1
D. 10ms−1

Question 3

Source: VCE 2019 Physics Exam, NHT, Section A, Q.13; © VCAA

When a mechanical wave moves through a medium, there is a net transfer of

A. mass.

B. energy.

C. particles.

D. mass and energy.

Question 4

Source: VCE 2019 Physics Exam, NHT, Section A, Q.14; © VCAA

Which one of the following statements about sound waves and electromagnetic waves is correct?

A. Both sound waves and electromagnetic waves can travel through a vacuum.

B. Neither sound waves nor electromagnetic waves can travel through a vacuum.

C. Sound waves can travel through a vacuum but electromagnetic waves cannot travel through a vacuum.

D. Sound waves cannot travel through a vacuum but electromagnetic waves can travel through a vacuum.
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Question 5

Source: VCE 2018 Physics Exam, NHT, Section A, Q.14; © VCAA

Which one of the following best describes electromagnetic waves?

A. They all travel at the same speed in all mediums.

B. They all travel at the same speed in a vacuum.

C. They are not reflected by a surface.

D. They always travel in straight lines.

Question 6

Source: VCE 2018 Physics Exam, NHT, Section A, Q.15; © VCAA

Which of the following best gives the different regions of the electromagnetic spectrum in order from longest
wavelength to shortest wavelength?

A. ultraviolet, visible light, infra-red, microwaves

B. microwaves, ultraviolet, visible light, infra-red

C. visible light, ultraviolet, infra-red, microwaves

D. microwaves, infra-red, visible light, ultraviolet

Question 7

Source: VCE 2018, Physics Exam, Section A, Q.12; © VCAA

A teacher sets up an apparatus to demonstrate Young’s double-slit experiment. A pattern of bright and dark
bands is observed on the screen, as shown below.

x
screen

double slits

laser

Which one of the following actions will increase the distance, ∆x, between the adjacent dark bands in this
interference pattern?

A. Decrease the distance between the slits and the screen.

B. Decrease the wavelength of the light.

C. Decrease the slit separation.

D. Decrease the slit width.

TOPIC 8 Light as a wave 467



Question 8

Source: VCE 2021 Physics Exam, NHT, Section A, Q.14; © VCAA

The diagram below represents a standing wave.

P standing wave

fixed

wall

fixed

wall

The point P on the standing wave is

A. a node resulting from destructive interference.

B. a node resulting from constructive interference.

C. an antinode resulting from destructive interference.

D. an antinode resulting from constructive interference.

Question 9

Source: VCE 2015, Physics Exam, Section B, Detailed study 6 Q.1; © VCAA

A loudspeaker emits a sound of frequency 30Hz. The speed of sound in air in these conditions is 330ms−1.

Which one of the following best gives the wavelength of the sound?

A. 30 m

B. 11 m

C. 3.3 m

D. 0.091 m

Question 10

Source: VCE 2019 Physics Exam, NHT, Section A, Q.15; © VCAA

Monochromatic laser light of wavelength 600 nm shines through a narrow slit. The intensity of the transmitted light
is recorded on a screen some distance away, as shown below in the diagram on the left.

The intensity graph of the pattern seen on the screen is shown below on the right.

screen

narrow slit
X I

X

laser
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Which one of the following intensity graphs best represents the pattern that would be seen if a slightly wider slit
were used?

X

IA.

X

IB.

X

IC.

X

ID.

Section B — Short answer questions

Question 11 (4 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.11a&b; © VCAA

A transverse wave is travelling through a medium, as shown in Figure 14. The frequency of the source producing
the wave is 40Hz and the wave travels at a speed of 35ms−1. The amplitude of the wave is 0.50m.

P

35 m s–1

Figure 14

a. What is the period of oscillation for point P in Figure 14? (1 mark)

b. On the axes below, sketch the displacement versus time graph for the point P of this transverse wave,
showing at least two complete cycles. Include scales and units on each axis. (3 marks)

displacement

time
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Question 12 (5 marks)

Source: VCE 2018 Physics Exam, NHT, Section B, Q.11a-c; © VCAA

Students are using a microwave set to study wave interference.

The set consists of:
• a microwave transmitter that can be set to produce microwaves of wavelength 3.0 cm or 6.0 cm
• a receiver that measures the intensity of the received signal and the wavelength
• plates that can be used to give single or double slits of various widths and separations
• a ruler.

Take the speed of microwaves to be 3.0×108ms−1.
a. Calculate the frequency of the 3 cm microwaves. (1 mark)

b. The students set up the equipment using 3.0 cm microwaves, placing the receiver at X on the second nodal
line (minima) out from the centre, as shown in Figure 9.

receiver
X

slits

microwave

transmitter
S

1

S
2

Figure 9

Calculate the path difference S2X−S1X. Show your working. (2 marks)

c. The students now replace the two slits with a slit of width w, as shown in Figure 10.

receiver

20 cm

microwave

transmitter

w

Figure 10

With the transmitter set to a wavelength of 3.0 cm, the students measure the width of the diffraction pattern to
be 20 cm at a particular distance from the slit, as shown in Figure 10.
They then switch to a 6.0 cm wavelength on the transmitter.
What effect will this have on the width of the pattern? Explain your answer. (2 marks)

Question 13 (4 marks)

Source: VCE 2018 Physics Exam, Section B, Q.11a,b; © VCAA

Figure 13 shows two speakers, A and B, facing each other. The speakers are connected to the same signal
generator/amplifier and the speakers are simultaneously producing the same 340Hz sound.

10. 0 m

BA

Figure 13

470 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Take the speed of sound to be 340ms−1.
a. Calculate the wavelength of the sound. (1 mark)

b. A student stands in the centre, equidistant from speakers A and B. He then moves towards speaker B and
experiences a sequence of loud and quiet regions. He stops at the second region of quietness.
How far has the student moved from the centre? Explain your reasoning. (3 marks)

Question 14 (4 marks)

Source: VCE 2019 Physics Exam, Section B, Q.14a&b; © VCAA

Students have set up a double-slit experiment using microwaves. The beam of microwaves passes through a
metal barrier with two slits, shown as S1 and S2 in Figure 13. The students measure the intensity of the resulting
beam at points along the line shown. They determine the positions of maximum intensity to be at the points
labelled P0, P1, P2 and P3. Take the speed of electromagnetic radiation to be 3.00×108ms−1.

microwave

source

S
1

P
3

P
2

P
1

P
0S

2

Figure 13

The distance from S1 to P3 is 72.3 cm and the distance from S2 to P3 is 80.6 cm.

a. What is the frequency of the microwaves transmitted through the slits? Show your working. (2 marks)

b. The signal strength is at a minimum approximately midway between points P0 and P1.
Explain the reason why the signal strength would be a minimum at this location. (2 marks)

Question 15 (4 marks)

Source: VCE 2018 Physics Exam, Section B, Q.13b&c; © VCAA

Physics students studying interference set up a double-slit experiment using a 610 nm laser, as shown in
Figure 15.

bright band

dark band

screen

slits

S
1 S

2

laser

Figure 15

A section of the interference pattern observed by the students is shown in Figure 16. There is a bright band at
point C, the centre point of the pattern.
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C

Figure 16

a. Explain why point C is in a bright band rather than in a dark band. (2 marks)

b. Another point on the pattern to the right of point C is further from S1 than S2 by a distance of 2.14×10−6m.
Mark this point on Figure 16 by writing an X above the point. You must use a calculation to justify
your answer. (2 marks)
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AREA OF STUDY 1 HOW HAS UNDERSTANDING ABOUT THE PHYSICAL WORLD CHANGED?

9 Light as a particle
KEY KNOWLEDGE

In this topic, you will:

• apply the quantised energy of photons: E=hf= hc𝜆
• analyse the photoelectric effect with reference to

• evidence for the particle-like nature of light
• experimental data in the form of graphs of photocurrent versus electrode potential, and of
kinetic energy of electrons versus frequency

• kinetic energy of emitted photoelectrons: Ek max=hf−𝜙, using energy units of joule and
electron-volt

• effects of intensity of incident irradiation on the emission of photoelectrons
• describe the limitation of the wave model of light in explaining experimental results related to
the photoelectric effect.

Source: VCE Physics Study Design (2024-2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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



9.1 Overview
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9.1.1 Introduction
The photoelectric effect, the basis for how solar panels
work, shows that light can transfer energy as though it
were a particle and not a wave. How is it that the wave
model of light works extremely well in some circumstances
but not in others? This was the problem facing scientists
at the start of the twentieth century, to explain both the
photoelectric effect and the way hot bodies emit light (as
a wave). It was Albert Einstein who challenged everyone’s
understanding of the nature of light when he presented his
quantum theory of light, which controversially contradicted
Charles Maxwell’s wave theory. Einstein suggested that
light can be modelled as particles in some circumstances.
This led to a revolutionary new area of theoretical physics
named quantum mechanics.

Today it is accepted that neither a traditional wave model
nor a traditional particle model adequately describes the
properties of light on its own. Light seems to propagate as
a wave but paradoxically transfers energy sometimes as a
particle.

FIGURE 9.1 The work of Albert Einstein is
central to the present-day understanding of the
photoelectric effect.
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9.2 Could light have particle-like properties as well?

KEY KNOWLEDGE

• Apply the quantised energy of photons: E=hf= hc𝜆
Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

9.2.1 Planck’s equation
By the latter half of the nineteenth century, the ability of Newtonian mechanics to predict and explain
much of the material world was unquestioned. At the same time, discoveries in chemistry showed that the
world consisted of different elements (each made up of identical atoms), and compounds (each made up of
combinations of atoms in fixed proportions). Most scientists believed that all matter was made up of particles
and that the universe was governed by deterministic mechanical laws — that is, they thought the universe was
like a big machine. Newtonian mechanics allowed them to explain the workings of the universe in terms of
energy transformations, momentum transfer, and the conservation of energy and momentum due to the action
of well-understood forces.

Thomas Young had shown that the behaviour of light passing through narrow slits could be explained using the
concept of waves and Maxwell produced a model where light was treated as a transverse wave consisting of both
electric and magnetic vibrating fields, and requiring no medium for it to move (see topic 8).

Maxwell’s theoretical wave model for light was able to show that the energy associated with electromagnetic
waves was related to the size or amplitude of the wave. The more intense the light, the greater the amplitude
and hence the energy it contained. He was also able to show that an electromagnetic wave had momentum and
was thus capable, in principle, of exerting forces on other objects. According to Maxwell’s model, the amount
of momentum contained in an electromagnetic wave, p, is related to the energy contained in the wave, E, by the
following simple equation:

p= E

c
orE= pc

where: E is the energy of an electromagnetic wave, in J

p is the magnitude of the momentum of an electromagnetic wave, in N s (or kg m s–1)

c = 3.0 × 108 m s−1 (the speed of light)

At the same time, Max Planck was trying to understand how hot objects emit electromagnetic waves. He
studied light emitted by incandescent objects such as the Sun, light bulbs and wood fires. Planck could
make his mathematical models fit the available data only if he conceded that the energy associated with the
electromagnetic radiation emitted was directly proportional to the frequency of radiation and, importantly, that
the energy came in bundles that he called quanta. The word quanta is plural for quantum, a word meaning a
small quantity of a fixed amount. These energy quanta of light are now called photons. It appeared as though
light transferred energy to matter and vice versa, behaving more like a localised particle than by a wave
spreading out from a source.

What all this meant was not clear — Maxwell’s wave model for light worked extremely well and yet
understanding incandescent objects required a model that concentrated energy into localised packets called
quanta that were more like particles.

quantum a small quantity of a
fixed amount

A pair of problems existed. One question was how matter could convert some
of its kinetic and potential energy into light. Max Planck and other scientists
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were working on this problem as part of their efforts to understand black body radiation (radiation emitted by
incandescent objects). The other question was how light could transfer its energy to matter. This process became
known as the photoelectric effect.

Planck’s conclusion about a particle nature for light did not fit comfortably with the successful wave model that
Maxwell proposed. It would remain for Albert Einstein over a decade later to interpret this apparent quandary
with other experimental data. In reward for his success, he won the Nobel Prize in Physics in 1921. Einstein’s
interpretation asserted that light is best thought of as a stream of particles, now called photons, with each photon
carrying energy Ephoton = hf and capable of transferring this energy to other particles such as electrons.

E= hf= hc𝜆
where: E is the energy of a quantum of light (quantised energy of photons), in J

f is the frequency of the electromagnetic radiation, in Hz

h = 6.63 × 10−34 J s, which is a constant known as ‘Planck’s constant’

SAMPLE PROBLEM 1 Calculating the energy and momentum of photons
tlvd-9013

a. Blue light has a frequency of 6.7 × 1014 Hz.
i. Calculate the energy associated with a photon of blue light.
ii. Calculate the momentum associated with a quantum of blue light.

b. Calculate the momentum of a quantum of red light of wavelength 650 nm.

THINK WRITE

a. i. The energy of the blue light E is given
by E= hf.

a. i. E = hf= 6.63× 10−34 × 6.7× 1014= 4.4× 10−19 J

ii. The momentum p is given by p= E

c
. ii. p = E

c= 4.4× 10−19

3.0× 108= 1.5× 10−27 N s

b. 1. From the wavelength, find the frequency.
From the frequency, find the energy.

b. f = cλ and E = hf ⇒ E = hcλ
2. From the energy, find the momentum. p = E

c
⇒ p = hcλc ⇒ p = hλ

3. Substitute the values for h and λ and solve
for p, ensuring that the wavelength has been
converted to metres (650 nm = 6.50 × 10–7 m).

p = hλ= 6.63× 10−34

6.50× 10−7= 1.02× 10−27 N s

PRACTICE PROBLEM 1

A quantum of light has a momentum of 9.8 × 10−28 N s. Calculate the frequency of the light.
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SAMPLE PROBLEM 2 Determining the number of photons emitted each second by a light
source

tlvd-9014

a. What is the energy of each photon emitted by a source of green light having a wavelength of
515 nm?

b. How many photons per second are emitted by a light source emitting a power of 0.3 W as 515 nm
light?

THINK WRITE

a. The photon energy can be calculated

using Ephoton= hc𝜆
where: h = 6.63 × 1034 J s,
c = 3.0 × 108 m s−1 and𝜆 = 515 nm = 515 × 10−9 m

a. Ephoton = hc𝜆
= 6.63× 10−34 × 3.0× 108

515× 10−9= 3.86× 10−19 J

b. 1. Determine an expression for the power emitted
by the globe.

b. power = energy emitted

time interval= EΔt= N EphotonΔt
where: N is the number of photons emitted in
the time interval Δt.

2. Rearrange the power equation to make N the
subject.

N = power×Δt
Ephoton

3. Calculate the number of photons emitted
per second by substituting Δt = 1s,
power = 0.3W, and Ephoton = 3.86 × 10−19 J

N = 0.3× 1

3.86× 10−19= 8× 1017photons s−1

Since each photon carries a tiny amount of
energy, huge numbers of photons are emitted
from quite ordinary light sources in each
second.

PRACTICE PROBLEM 2

A radio station has a 1000-W transmitter and transmits electromagnetic radiation with a frequency
104.6 MHz. Calculate the number of photons emitted per second by the transmitter.

9.2.2 Measuring the energy of light, electrons and photoelectrons
To appreciate the results of the photoelectric effect, it is necessary to be able to calculate both the energy
associated with light and the energy associated with a moving particle such as an electron.

Measuring the energy of light
The energy associated with light, E, provided it is treated as a localised object as necessitated by Planck, can
be equated to the product of the frequency and Planck’s constant: E = hf. The speed of light is related to the
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frequency and wavelength: c = f𝜆, in accordance with a wave model for light. For completeness, since

E = pc, the momentum associated with light, p, can be related to the wavelength 𝜆 by the equation p= h𝜆 . It
needs to be mentioned at this stage that both a wave model for light and a particle model for light have been used
simultaneously. This usage of two models simultaneously came to be known as the wave–particle duality, and
for many years it remained an unresolved component in physics. With the development of quantum mechanics in
the 1920s, a consistent mathematical model incorporating both aspects emerged.

Measuring the energy of electrons
Potential differences can be used to accelerate and decelerate charged particles. Kinetic energy of a charged
particle is related to the electrical potential difference through which it can be made to move. Understanding
this relationship will make understanding the photoelectric effect easier.

FIGURE 9.2 An electric field set up between two
parallel plates connected to a battery

F

E

E

+

−

d

The simplest way to accelerate electrons is with two
parallel metal plates in an evacuated chamber (figure
9.2). The two plates are connected to a DC power
supply (similar to a capacitor connected to a battery).
An electron will experience an electric force anywhere
in the region between the plates: it will be attracted
by the positively charged plate and repelled by the
negatively charged plate (see topic 4).

The size of this electric force will be the same
throughout this region, as the electric field is uniform.
This constant electric force on a charge placed between the plates can be compared to the constant gravitational
force on a mass located above the ground. In gravitation, where the force acts on the mass of an object:

Electric force and electric field between parallel charged plates

F= qE and E= V

d

where: F is the electric force on the charged particle, in N

q is the charge of the particle experiencing the force, in C

E is the electric field strength, in N C–1 (or V m–1)

V is the electric potential difference, in V

d is the distance between the plates

These two relationships for the electric field

(

E= F

q
and E= V

d

)

give it two equivalent units: newtons per

coulomb (N C−1) and volts per metre (V m−1).

These two relationships can also be linked by considering energy. The gain in energy of the electron can
be obtained by calculating the work done on the charge to move it from one plate to the other. It can also
be obtained by recalling that the voltage across a battery equals the energy gained by one coulomb of
charge. So:

work done by the potential difference, W = force× distance= voltage× electric charge= F× d=V× q
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The work done by the potential difference, V, on a free electron is equal to the change in the kinetic energy of

the electron, ΔEk. Since kinetic energy is given by the expression
1

2
mv2, and by further making the assumption

that the initial kinetic energy of an electron emitted is zero, a useful non-relativistic equation is obtained.

This equation is interpreted in the following way. For a given potential difference, V, acting on an electron, both
the speed of the electron and hence its momentum (p = mv), as well as its energy, Ek, can be calculated.

Ek=Vq= 1

2
mv2

where: Ek is the energy of an electron, in J

V is the potential difference an electron passes through, in V

q = 1.6 × 10−19 C is the charge on one electron

m = 9.1 × 10−31 kg is the mass of an electron

v is the velocity of the electron, in m s–1

electron gun a device to
provide free electrons for a linear
accelerator, usually consists of a
hot wire filament with a current
supplied by a low-voltage source

Thus, an arrangement of negative and positive charged plates can be used to
accelerate a charged particle in a straight line. This arrangement came to be
known as an electron gun (figure 9.3). By reversing the polarity of the charge on
the plates, electrons with kinetic energy can be decelerated. The voltage required
to achieve this stopping of electrons with energy is known as a stopping voltage
and plays a central role in understanding the photoelectric effect.

FIGURE 9.3 The electrons are attracted across to the positive plate and pass through the hole that is in line with
the beam.

Measuring the energy of photoelectrons
In the photoelectric effect, energy is transferred from light to electrons. Philipp Lenard, a German physicist, was
able to measure the maximum kinetic energy of these electrons by applying a stopping voltage to stop them.
Recall that the work done on a charge, q, passing through a potential difference, V, is equal to qV. That is, an
electron passing through a potential difference of 3.0 V would have 1.6 × 10−19 C × 3.0 J C−1 = 4.8 × 10−19 J or
3.0 eV of work done on it. If the potential difference is arranged so that the emitted electrons leave the positive
terminal and are collected at a negative terminal, then electrons lose 4.8 × 10−19 J of energy.
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A JOULE AND AN ELECTRON VOLT

1 volt

1 C
Energy change = 1 C V

Energy change = 1 eV

= 1 J

qe

Remember that a joule is the electric potential energy
change that occurs when one coulomb of charge moves
through a potential difference of one volt.

1V = 1J

1C⇒ 1J = 1C× 1V

An electron volt is defined as the electric potential
energy change that occurs when one electronic charge,
qe = 1.6021 × 10−19 C, moves through one volt.

electron volt the quantity of energy
acquired by an elementary charge
(qe = 1.6 × 10−19 C) passing through
a potential difference of 1 V. Thus,
1.6 × 10−19 J = 1 eV

1 eV = 1qe × 1 V

Where qe is the magnitude of charge of an electron:

⇒ 1 eV = 1.6021× 10−19C× 1V⇒ 1 eV = 1.6021× 10−19 J

The electron volt is a very useful unit for calculations involving small amounts of energy. To use the equation
E= hf, Planck’s constant (6.63× 10−34 J s) needs to be converted into electron volts if the energy is given in
electron volts (eV).

h = 6.63× 10−34 J s= 6.63× 10−34

1.6× 10−19= 4.14× 10−15 eV s

SAMPLE PROBLEM 3 Calculations involving electrons accelerated by an electron gun
using potential differencetlvd-9015

An electron gun uses a 500-V potential difference to accelerate electrons evaporated from a tungsten
filament. Assume that the evaporated electrons have zero kinetic energy.
a. How much work is done on an electron that has moved across a potential difference of 500 V?
b. What type of energy is this work transformed into?
c. Calculate the kinetic energy of the electrons in electron volts and joules.
d. Using the equation for the kinetic energy, Ek, of a particle with mass m, determine the speed, v, of

these electrons.
e. Calculate the momentum of these electrons.

THINK WRITE

a. Use W = Vq to calculate the work done. a. W = Vq= 500× 1.6× 10−19= 8.0× 10−17 J
(or 500 eV)

b. Potential energy available is transformed into the
kinetic energy of the electron:
W=Vq=ΔEk

b. kinetic energy
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c. Assuming the initial kinetic energy of the electrons
evaporated from a tungsten filament is 0, the kinetic
energy of the electrons is equal to the work done:
Ek=W.

c. Ek = W= 8.0× 10−17 J
(or 500 eV)

d. 1. Ek= 1

2
mv2, provided the electron speed is

sufficiently small to ignore relativistic effects.

d. Ek= 1

2
mv2= 8.0 × 10−17 J

2. Take the mass of an electron to be
m= 9.1× 10−31kg and solve equation for v.

v =√

2Ek

m

=√

2× 8.0× 10−17

9.1× 10−31= 1.33× 107 ms−1

This is substantially slower than the speed
of light; therefore, relativistic effects may be
ignored.

e. Calculate the momentum using p=mv. e. p = mv= 9.1× 10−31 × 1.33× 107= 1.2× 10−23 Ns

PRACTICE PROBLEM 3

An electron in a beam of electrons generated by an electron gun has energy 1.26 × 10−17 J.
a. Calculate the energy of this electron in electron volts.
b. State the potential difference required to stop electrons with this energy, that is, to remove their

kinetic energy and bring them to rest.

c. Determine the speed of the electron, assuming that its kinetic energy is given by the equation
Ek = 1

2mv
2.

d. Use your answer to (c) to calculate the momentum of this electron.

photon a discrete bundle of
electromagnetic radiation.
Photons can be thought of as
discrete packets of light energy
with zero mass and zero electric
charge

Like with the electron, these same principles can be used for photons. A photon
can be considered a particle of light, a localised packet of energy E = hf and

momentum p= E

c
= h𝜆 .

An electron, modelled as a particle, has a kinetic energy Ek = 1

2
mv2 and momentum p = mv. The kinetic

energy can be written as:

Ek= p2

2m
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Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

9.2 Quick quiz 9.2 Exercise 9.2 Exam questions

9.2 Exercise

1. The light from a red light-emitting diode (LED) has a frequency of 4.59 × 1014 Hz.
a. What is the wavelength of this light?
b. What is the period of this light?

2. You can detect light when your eye receives as little as 2.0 × 10−17 J. How many photons of green light is this?
3. Fill in the gaps in the table shown with the missing wavelength, frequency, photon energy and photon

momentum values for the five different sources of electromagnetic radiation.

Source Wavelength Frequency Energy Momentum

a. Infrared from CO2 laser 10.6µm
b. Red helium–neon laser 3.14 × 10−19 J

c. Yellow sodium lamp
1.125 × 10−27 kg m s−1

d. UV from excimer laser 1.55 × 1015 Hz

e. X-rays from aluminium 2.01 × 10−16 J

4. A beam of electrons, each electron having a kinetic energy 3.2 × 10−18 J, is to be stopped by a potential
difference. Calculate the stopping voltage (potential difference) required to bring these electrons to rest.

5. The following diagram shows an anode, a cathode and several electrons that have been ejected from the
cathode by light. The electrons leaving the cathode surface have been labelled with their kinetic energy and
their initial velocity vector. The anode is 5.0 mm from the cathode.

Anode

Cathode

5.0 mm

0.80 eV

0.80 eV

45° 0.20 eV 1.60 eV
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a. Calculate the speed of the electrons that have a kinetic energy of 0.80 eV or alternatively 1.28 × 10−19 J.
b. For each of the following, copy the diagram and sketch the path you would expect each electron to take for

each of the potential differences, V. [Hint: think of each electron as a projectile in a uniform electric field,
exactly like a ball thrown into the air.]
i. V = 1.8 V, with the anode positive relative to the cathode
ii. V = 1.8 V, with the anode negative relative to the cathode
iii. V = 0.8 V, with the anode negative relative to the cathode.

9.2 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.17; © VCAA

MC Gamma radiation is often used to treat cancerous tumours. The energy of a gamma photon emitted by
radioactive cobalt-60 is 1.33 MeV.

Which one of the following is closest to the frequency of the gamma radiation?
A. 1.33 × 106 Hz
B. 3.21 × 1020 Hz
C. 3.21 × 1021 Hz
D. 2.01 × 1039 Hz

Question 2 (3 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.16a; © VCAA

X-rays of wavelength 2.0 nm are emitted from an X-ray source.

Calculate the energy of one photon of these X-rays. Show your working.

Question 3 (1 mark)

Determine the wavelength of a photon with energy 4.52×10−34 J.
Question 4 (1 mark)

Determine the momentum of a photon with energy 4.52×10−34 J.
Question 5 (3 marks)

a. Determine the kinetic energy of an electron of mass 9.11×10−31 kg travelling at 4.50×106 m s−1. (1 mark)
b. Determine the speed of an electron of mass 9.11×10−31 kg with a kinetic energy of 3.20 eV. (2 marks)

More exam questions are available in your learnON title.

9.3 The photoelectric effect and experimental data

KEY KNOWLEDGE

• Analyse the photoelectric effect with reference to:
• evidence for the particle-like nature of light
• experimental data in the form of graphs of photocurrent versus electrode potential, and of kinetic
energy of electrons versus frequency

• kinetic energy of emitted photoelectrons: Ek max=hf−ϕ, using energy units of joule and electron volt
• effects of intensity of incident irradiation on the emission of photoelectrons.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

The nineteenth-century view of light was developed as a result of the success of the wave model in explaining
diffraction and interference. The wave model did a great job!
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In 1887, the first signs of behaviour that could not be explained using the wave model almost went unnoticed.
Heinrich Hertz was in the middle of experimental work that went on to show radio waves and light were really
the same thing — electromagnetic waves. He produced radio waves with a frequency of about 5 × 108 hertz
(the unit for frequency was named after him) by creating a spark across the approximately one-centimetre gap
between two small metal spheres. The radio waves were detected up to several hundred metres away, by the
spark they excited across another air gap, which was between the pointed ends of a circular piece of wire
(figure 9.4). Hertz showed that the radio waves travelled at the speed of light. Although Hertz was not aware of
it, this was the beginning of radio communication.

During his experiments, Hertz noticed that the spark showing the arrival of the radio waves at the receiver
became brighter whenever the gap was simultaneously exposed to ultraviolet radiation. He was puzzled,
made note of it but did not follow it up. It is now known that the reason for the brighter spark was because the
ultraviolet radiation ejected electrons from the metal points of the detector. The presence of these electrons
reduced the electrical resistance of the air gap, so the spark flashed brighter than usual whenever the radio waves
were being detected.

photoelectric effect the emission
of electrons when electromagnetic
radiation hits a metal surface

monochromatic light of a single
frequency and, hence, very clearly
defined colour

This ejection of electrons by light is called the photoelectric effect. Following up Hertz’s observations of this
effect led to a breakthrough in the way the behaviour of light is viewed.

FIGURE 9.4 Hertz detected radio waves using the spark between two electrodes.

To high

voltage source

Oscillating spark

Spark induced

by arriving

radio waves

Up to several hundred metres

9.3.1 The experiment
Fifteen years passed before Philipp Lenard performed careful experiments to investigate the photoelectric
effect. Lenard replaced Hertz’s spark gap with two metal electrodes on opposite sides of an evacuated chamber.
He investigated the energies of electrons ejected from one of the electrodes when light shone on it. The
experimental arrangement used in 1902 by Lenard is shown in figure 9.5. Lenard
designed his experiment so that he could vary several features of this arrangement.

• The frequency and intensity of the light could be varied. Light sources that emit
light of only one frequency are called monochromatic light sources. Lenard varied
the light intensity either by changing the arc current, or by moving the light source
to a different distance from the window.
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• The potential difference between the electrodes in the chamber could be varied by changing the position
of the slide contact on the coiled resistor. The potential difference could be made either accelerating or
retarding for electrons.

• Lenard could vary the distance between the electrode receiving light, X, and the second electrode, Y.

FIGURE 9.5 Philipp Lenard’s experiment. Note that the point G is earthed, and this earths the electrode Y.
Electrode X could be made either positive or negative relative to electrode Y.

Resistor G

Filter
Light from arc

discharge

X Y

A

V

Z

Lenard’s findings on the effect of light on the photoelectric effect can be summarised as follows:
• photocurrent increases with the light amplitude
• photocurrent remains constant as the light frequency increases
• applying a retarding voltage decreases the photocurrent
• the stopping voltage is independant of the light amplitude
• the stopping voltage increases with the light frequency
• the kinetic energy of photoelectrons increases with the light frequency
• the emission of photoelectrons is immediate.

The graphs in figure 9.6 illustrate several important parts of Lenard’s investigations. The numbers on the
diagrams refer to the following numbered points.

1 Lenard’s results showed that the photocurrent was directly proportional to the light intensity.

FIGURE 9.6 The effect of changing light intensity from I0 without changing
its frequency

Photocurrent
3I0

2I0

I0

2

3

1

− +0

Stopping voltage, V0 Voltage, V

Retarding voltages Accelerating voltages
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2 When a retarding voltage was
applied between the electrodes, the
current decreased as the magnitude of
the voltage increased. If the electric
field between the plates exerts a force
opposing the motion of the electrons,
they would slow down and probably
reverse direction before reaching the
opposite electrode. This movement of
the electron, shown in figure 9.7,
is similar to the movement of a
ball thrown into the air. The kinetic
energy of the electrons would be

FIGURE 9.7 a. An electron in an electric field opposing its motion,
and b. a ball thrown into the air

a.

+

−

b.

converted into electric potential energy. When the magnitude of the retarding voltage is low, only the
very slow electrons then reverse direction before being collected at the electrode Y and thus only a few
electrons would then be removed from the stream contributing to the photocurrent. As the magnitude of
the retarding voltage is increased, more and more electrons turn around before reaching the electrode until,
at a particular voltage, no electrons complete the crossing and the current drops to zero. This minimum
voltage causing all electrons to turn back is called the stopping voltage.

3 Lenard found that the stopping voltage did not depend on the intensity of incident irradiation being used.
Brighter light did not increase the kinetic energy of the electrons emitted from the cathode. The same
potential difference was required to convert all the kinetic energy of the electrons into electric potential
energy, no matter how bright the light.

4 Lenard showed that the stopping
voltage depends on both the
frequency of the light (figure
9.8) and on the material of the
electrode. For each material,
a minimum frequency (called
threshold frequency, f 0) was required
for electrons to be ejected. Below
this cut-off frequency, no electrons
were ever ejected. Above this
frequency, a photocurrent could
always be detected. The higher
the light frequency, the greater the
stopping voltage. Additionally, there
was no delay between the incident
light striking an electrode and the
emission of photoelectrons.

FIGURE 9.8 The effect of changing light frequency, without
changing its intensity, on the photocurrent of one material

Photocurrent

I0

4

− +0

Stopping voltage, V0 Voltage, V

Retarding voltages Accelerating voltages

These experiments provided evidence that the energy of light is bundled into packets (quanta) whose energy
depends on the light frequency. In explaining these experiments, the behaviour of light is best described as a
stream of particles. Albert Einstein, in 1905, first proposed the model to explain the photoelectric effect, for
which he won the Nobel Prize in Physics in 1921. Lenard had already won the Nobel Prize in Physics in 1905
for his experimental investigations.
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SAMPLE PROBLEM 4 Representing the current-versus-stopping voltage curve for a
photoelectric celltlvd-9016

The diagram shows the current-versus-stopping voltage curve
for a typical photoelectric cell using green light.
The colour is changed to blue, but with a lower intensity.
Sketch the curve that would result from these changes.

Photocurrent

Voltage (V )V0
THINK WRITE

Because blue light has a higher
frequency than green light, the
stopping voltage would be greater.
The lower intensity would make
the photocurrent smaller.

Photocurrent

Voltage (V )V0Vblue 0

PRACTICE PROBLEM 4

Consider the same arrangement as in sample problem 4 except that, this time, yellow light is used and
the photoelectric effect occurs. The intensity of the light is greater than with the green light. Sketch
the curve that would result from this change.

9.3.2 Einstein’s particle model for light and the photoelectric effect
Let’s consider how each of the observations of the photoelectric effect experiment could be explained using a
particle model, and why a wave model is not as successful in this situation. A close inspection of the evidence
should allow you to decide whether electrons are being hit by particles or waves. The wave model would predict
the following:

• a brighter or more intense light should produce photoelectrons with greater energy, therefore requiring a
larger stopping voltage

• higher frequency light would not change the kinetic energy of a photoelectron
• photoelectrons would be emitted eventually over the course of irradiation time.

ionisation energy the amount of
energy required to be transferred
to an electron to enable it to
escape from a material

work function the minimum
energy required to release an
electron from the surface of a
material

The particle model shows that the entire energy of a single photon is transferred
to a single electron; the photon is gone. Some of the photon energy is required to
enable the electron to escape from the electrode. This transferred energy, which
enables an electron to escape the attraction of a material, is called its ionisation
energy. Electrons in the metal have a range of energy levels, so they also have a
range of ionisation energies. The minimum ionisation energy is called the work
function, 𝜙, of the material. The photon energy that is ‘left over’ becomes the
kinetic energy of the electron (figure 9.9). Naturally, the electrons requiring the
least energy to enable them to escape will leave with the greatest kinetic energy.

When light of certain frequencies strikes a metal surface, electrons, called photoelectrons in this case, are
emitted by the metal. The movement of the freed photoelectrons is the photocurrent.

An electron needs enough energy to be freed from the metal and move away from it.
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FIGURE 9.9 A representation of how photon energy is transferred to electrons
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When the light (photon) interacts with an electron, part of the photon energy is used to ionise the electron
(release the electron from the metal); this is the work function 𝜙. The remaining energy from the photon is
converted into kinetic energy (Ekmax).

Ephoton = 𝜙+Ek max

hf = 𝜙+Ek max

where: 𝜙 is the work function of the metal, in J

h is Planck’s constant (6.63 × 10–34 J s or 4.14× 10−15 eV s)

f is the frequency of the incident photon, in Hz

Note that in some VCAA questions, the work function 𝜙 is noted W.

Here is how the particle model explains Lenard’s experimental observations. The numbering here matches the
number of these observations earlier in the topic. (See figures 9.6 and 9.8.)

1 Maximum photocurrent is proportional to incident irradiation (intensity).
Doubling the intensity without changing frequency doubles the number of photons reaching the electrode
each second, but not their individual energy. This doubles the rate of electron emission without changing
the energy transferred to each electron, and therefore doubles the maximum photocurrent. That is,
increasing the light intensity increases the number of photons striking the electrode, causing more
electrons to be released, and hence a higher photocurrent.

2 Retarding voltage reduces photocurrent. A stopping voltage exists above which no electrons reach the
second electrode.
Ejected electrons have a variety of energies, depending on the photon energy and their ionisation energy.
A low retarding voltage turns back only the electrons having low kinetic energies. Increasing the retarding
voltage will turn back electrons with higher kinetic energies, until at the stopping voltage none can reach
the second electrode.
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3 Stopping voltage is independent of light intensity.
Changing the light intensity does not change its frequency, so the photon energy is not changed.
Photoelectrons will have the same range of energies, and so the same stopping voltage is needed to reduce
the photocurrent to zero.

4 Stopping voltage depends on light frequency and material: a cut-off frequency exists (threshold
frequency f0).
Since the stopping voltage reverses the direction of all electrons, it is the voltage required to entirely
transform the kinetic energy of the fastest electrons into electric potential energy:

Ek max = magnitude of change in electron’s electrical potential energy= qeV0

where qe here is the magnitude of the electronic charge.
The photon model states the following:

Ek max = Ephoton−𝜙= hf−𝜙
So,

qeV0= hf−𝜙
V0= 1

qe
(hf−𝜙)

Clearly V0 depends on the light frequency, f, and also on the electrode material through its work function,𝜙. A photon whose energy, hf, is less than the work function, 𝜙, cannot supply enough energy for an
electron to escape.

The threshold frequency above which photoelectrons are emitted is given by:

hf0=𝜙
where: f 0 is the threshold frequency of a metal, in Hz𝜙 is the work function of the metal, in J

h is Planck’s constant, in J

SAMPLE PROBLEM 5 Determining the size of stopping voltage and kinetic energy of
electronstlvd-9017

a. Electrons are emitted from a metal plate with a kinetic energy of 2.6 × 10−19 J after being struck by
light. What is the size of the stopping voltage required to stop the photocurrent?

b. Calculate the kinetic energy of electrons that a 4.2-V stopping voltage would stop.
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THINK WRITE

a. 1. Use Ek = qV0 to calculate the
stopping voltage.
The kinetic energy of each electron
is 2.6 × 10−19 J. The charge on an
electron is 1.6 × 10−19 C.

a. Ek = qV0

2.6× 10−19 J = 1.6× 10−19 C×V0

V0 = 2.6× 10−19 J

1.6× 10−19 C= 1.6V (accurate to 2 significant figures)

2. Answer the question. A stopping voltage of 1.6 V will stop the electrons emitted
from the surface.

b. 1. Use Ek = qV0 to calculate the
kinetic energy.
The stopping voltage is 4.2 V.
The charge of an electron is
1.6 × 10−19 C.

b. Ek = qV0= 1.6× 10−19 C× 4.2V= 6.72× 10−19 J= 6.7× 10−19 J (accurate to 2 significant figures)

2. Answer the question. A stopping voltage of 4.2 V will stop electrons with energy
4.2 eV, which is 4.2 × 1.6 × 10−19 = 6.7 × 10−19 J.

PRACTICE PROBLEM 5

Electrons are emitted from the surface of a photocell with 4.8 × 10−19 J of kinetic energy after being
struck by light. What is the size of the stopping voltage that will remove all this kinetic energy from
the electrons?

SAMPLE PROBLEM 6 Calculations in photocells and the emission of photoelectrons
tlvd-9018

Photocell

Photoelectron

Incident light

VS

I

Light with a wavelength of 425 nm strikes a clean metallic surface
and photoelectrons are emitted. A voltage of 1.25 V is required
to stop the most energetic electrons from being emitted from the
photocell.
a. Calculate the frequency of the photons of light striking

the surface.
b. Calculate the energy in joules and also in electron volts of a

photon.
c. State the energy of the emitted electron in both electron volts

and joules.
d. Calculate the work function 𝜙 of the metal in electron volts and joules.
e. Determine the threshold frequency, f 0, and consequently the maximum wavelength of a photon

that will just free a surface electron from the metal.
f. Light of wavelength 390 nm strikes the same metal surface. Calculate the stopping voltage.
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THINK WRITE

a. Use f = c𝜆 to calculate the frequency. a. f = c𝜆= 3.0× 108

4.25× 10−7= 7.1× 1014 Hz

b. 1. Use E = hf to calculate the energy.
Remember to use your non-rounded figure
in your calculations.

b. E = hf= 6.63× 10−34 × 7.1× 1014= 4.7× 10−19 J

2. To convert energy in joules into energy in
electron volts, divide by
1.6 × 10−19 J eV−1.

E = 4.7× 10−19

1.6× 10−19= 2.9 eV
c. Since the stopping voltage is 1.25 V, the

energy of the emitted electron is 1.25 eV. The
energy in joules can be found by multiplying
by 1.6 × 10−19.

c. 1.25× 1.6× 10−19 = 2.0× 10−19 J

d. Using the equation Ek max= hf−𝜙, the work
function can be found. When the photon
energy hf equals 2.92 eV, the electrons have
an energy of 1.25 = 2.92 − 𝜙.

d. 𝜙 = 2.9− 1.25= 1.7 eV= 2.7× 10−19 J

e. 1. Again use the equation Ek max= hf−𝜙.
The threshold frequency, f 0, is the
frequency below which the photoelectric
effect does not occur. At this frequency,
electrons are just not able to leave the
surface. This model implies 0 = hf 0 − 𝜙.
Rearrange this equation to give the useful
result.

e. f0 = 𝜙
h= 2.7× 10−19

6.63× 10−34= 4.0× 1014 Hz

2. The maximum wavelength can be
calculated using 𝜆= c

f0
.

𝜆 = c

f0= 3.0× 108

4.0× 1014= 7.4× 10−7 m or 740 nm

f. 1. Use the equation Ekmax= h
c𝜆 −𝜙 to find

the energy of the emitted electrons.
It is convenient to use eV here.

f. Ekmax = 6.63× 10−34 × 3.0× 108

3.90× 10−7
J− 1.7 eV

= 5.1× 10−19 J− 1.7 eV

= 5.1× 10−19

1.6× 10−19
− 1.7 eV

= 3.19− 1.7 eV= 1.5 eV
2. Determine the stopping voltage. A stopping voltage of 1.5 V is required to stop the

emitted electrons.
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PRACTICE PROBLEM 6

A new photocell with a different metallic surface is used. Again, light of wavelength 425 nm strikes
a clean metallic surface and photoelectrons are emitted. This time, a stopping voltage of 0.87 V is
required to stop the most energetic electrons from being emitted from the photocell.
a. State the highest energy of the emitted electrons in both electron volts and joules.
b. Calculate the work function, 𝜙, of the metal.
c. Determine the threshold frequency, f 0, and, consequently, the maximum wavelength of a photon

that will just free a surface electron from the photocell.
d. Light of wavelength 650 nm strikes the same metal photocell. What will happen? Explain.

Einstein’s insights into using a particle model to explain the photoelectric effect led to his 1905 prediction. He
predicted that a graph of stopping voltage versus light frequency would be a straight line whose gradient was
independent of the material emitting electrons:

V0= 1|qe| (hf−𝜙)
FIGURE 9.10 V0 versus f for three different metals
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The graphs (figure 9.10) for different materials all have the same slope,
h|qe| , but are displaced up or down,

depending on the work function. The threshold frequency, f 0, is where the line meets the frequency axis. Its

value is equal to
𝜙
h
. No photoelectric effect is observed when light with frequency below f 0 is used.

Einstein said:

It seems to me that the observations associated with… the photoelectric effect, and other related phenomena...
are more readily understood if one assumes that the energy of light is discontinuously distributed through
space... the energy of a light ray spreading out from a point is not continuously spread out over an increasing
space, but consists of a finite number of energy quanta which are localised at points in space, which move
without dividing, and which can only be produced and absorbed as complete units.
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SAMPLE PROBLEM 7 Investigating the photoelectric effect
tlvd-9019

Lithium surface

Photocell

Monochromatic
incident light

A

V

The following table gives some data collected by students investigating
the photoelectric effect using a photocell with a lithium cathode,
as shown in the diagram.

Wavelength
of light

used (nm)

Frequency
of light
used

(× 1014 Hz)

Photon
energy of
light used

(eV)

Stopping
voltage
readings

(V)

Maximum
photo-
electron
energy (J)

663 0.450

6.14
1.84 × 10−19

a. Complete the table by filling in the missing values.
b. Using the data points in the table, plot a graph of maximum photoelectron energy in electron volts

versus photon frequency in hertz for the lithium photocell.
c. Using the graph, state the values for the following quantities. For each, state what aspect of the

graph you used.
i. Planck’s constant, h, in the units J s and eV s
ii. The threshold frequency, f 0, for the metal surface in Hz
iii. The work function, 𝜙, for the metal surface, in the units J and eV.

d. On the same axes, draw and label the graph you would expect to get when using a different
photocell, given that it has a work function slightly larger than the one used to collect the data
in the table.

A new photocell is investigated. When light of frequency 9.12 × 1014 Hz is used, a stopping voltage of
1.70 V is required to stop the most energetic electrons.
e. Calculate the work function of the new photocell, in both joules and electron volts.
f. When the battery voltage of the new photocell is set to 0 V, the photocurrent is measured as 48 µA.
The intensity of the light is now doubled. Describe what happens now in the electric circuit with the
power supply voltage set to 0 V.

g. With the intensity still doubled, the voltage is slowly increased from 0 V and the photocurrent
slowly reduced to 0 A. State the stopping voltage when the current first equals 0 A.

THINK WRITE

a. Use c = f𝜆 to complete columns
1 and 2. Use E = hf to complete
column 3, and use the conversion
factor for joules to eV to complete
columns 4 and 5.

a. Wavelength
of light used
(nm)

Frequency
of light
used

(× 1014 Hz)

Photon
energy
of light
used
(eV)

Stopping
voltage
readings

(V)

Maximum
photo-
electron
energy (J)

663 4.52 1.88 0.450 7.20
× 10−20

489 6.14 2.54 1.15 1.84
× 10−19
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THINK WRITE

b. The graph will contain two points
representing the fact that light
of frequency 4.52 × 1014 Hz
will produce electrons of energy
0.45 eV and light of frequency
6.14 × 1014 Hz will produce
electrons of energy 1.15 eV. A line
drawn containing these two data
points will give a work function of
1.5 eV and a threshold frequency of
3.5 × 1014 Hz.

b.

0

Ek max (eV)

f (1014 Hz)3.5

−1.5

c. i. Planck’s constant = gradient
of graph

c. i. gradient = 1.84 × 10−19− 7.20× 10−20

(6.24− 4.52)× 1014= 6.9× 10−34 J s
which is close to the accepted value. It also has the
value 4.3 × 10−15 eV s.

ii. From the line of best fit
in graph (b), the threshold
frequency = x-axis intercept.

ii. threshold frequency = 3.5 × 1014 Hz.

iii. From the line of best fit in the
graph (b), the work function
= y-axis intercept.

iii. work function = 2.4 × 10−19 J = 1.5 eV.

d. The graph for a photocell with a
larger work function will have
the same gradient but a lower
y-intercept.

d. Graph of photocell

with larger work

function

0 3.5

−1.5

Ek max(eV)

f (1014 Hz)

e. Use Ekmax = hf − 𝜙 to calculate the
work function, 𝜙. e. 1.7× 1.6× 10−19 = 6.63× 10−34 × 9.12× 1014−𝜙𝜙 = 6.05× 10−19− 2.72× 10−19= 3.33× 10−19 J= 2.07 eV

f. With the light intensity doubled, the
photocurrent would also double.

f. The photocurrent would double.

g. The stopping voltage would remain
the same, 1.70 V, as the colour and
hence the frequency of the light
source is unchanged.

g. Stopping voltage = 1.70 V.
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PRACTICE PROBLEM 7

The following table gives some data collected by students investigating the photoelectric effect using a
photocell with a clean metallic cathode.

Wavelength of light
used (nm)

Frequency of light
used × 1014 (Hz)

Photon energy
of light
used (eV)

Stopping voltage
reading (V)

Maximum
photoelectron
energy (J)

3.19 3.78 × 10−19

524 1.54

a. Complete the table by filling in the missing values.
b. Using only the data points in the table, plot a graph of maximum photoelectron energy in electron

volts versus photon frequency in hertz for the photocell.
c. Using the graph, state your values for the following quantities and explain what aspect of the graph

was used.
i. Planck’s constant, h, in the units J s and eV s
ii. The threshold frequency, f 0, for the metal surface in Hz
iii. The work function, 𝜙, for the metal surface, in the units J and eV.

d. On the same axes, draw and label the graph that you would expect to get when using a photocell
that has a work function slightly larger than the one used to collect the data in the table.

A new photocell is now investigated. When light of frequency 8.25 × 1014 Hz is used, a stopping
voltage of 1.59 V is required to stop the most energetic electrons. In addition, when the battery voltage
is set to 0 V, the photocurrent is measured to be 38 µA.
e. Calculate the work function of the photocell.
f. Describe what happens in the electric circuit with the power supply voltage set to 0 V when the

light intensity is halved.
g. With the intensity still halved, the stopping voltage is now slowly increased from 0 V and the

photocurrent slowly reduced to 0 A. State the stopping voltage when the current first equals 0 A.

elog-1731

tlvd-10813

INVESTIGATION 9.1

Producing and transmitting radio waves

Aim

To demonstrate the production and transmission of radio waves

Resources

Interactivity Using the photoelectric effect (int-0121)

Weblink The photoelectric effect
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9.3 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

9.3 Quick quiz 9.3 Exercise 9.3 Exam questions

9.3 Exercise

1. In the diagram shown, the curve shows how the current measured in an
experiment involving the photoelectric effect depends on the potential
difference between the anode and cathode.

+−

Voltage (V)

Photocurrent

a. Explain the curve. Why does it reach a constant maximum value at a
certain positive voltage, and why does it drop to zero at a certain
negative voltage?

b. If the intensity of the light was increased without changing its
frequency, sketch the resulting curve.

c. If the frequency of the light was increased without changing its
intensity, sketch the resulting curve.

d. If the metal of the cathode was changed, but the light was not changed in any way, sketch the curve that
would be obtained.

2. The following curve shows the current in a photoelectric cell versus the potential difference between the
anode and the cathode when blue light is shone onto the anode.

1.0

0
−1.7

I (μA)

1.0 2.0 V (V)

0.85

a. State the current when the voltage is 0 V.
b. State the current when the voltage is +1.0 V.
c. State the current when the voltage is increased to +2.0 V.
d. Why does increasing the voltage have no effect on the photocurrent in the circuit?
e. The polarity is now reversed and the voltage increased until the current drops to 0 A. State the stopping

voltage and hence the maximum energy of electrons emitted from the anode.
f. The light source is now made brighter without changing the frequency. Copy the figure and sketch a

second curve to show the effect of increasing the intensity of the blue light.
g. The light source is now returned to its original brightness (intensity) and green light is used. A current is still

detected. Sketch a third curve to illustrate the effect of using light of this lower frequency.
h. The apparatus is altered so that the anode consists of a metal with a smaller work function. Again blue light

is used. Sketch a fourth curve to illustrate the effect of changing the anode without changing either the
brightness or colour of the light.
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3. The work function for a particular metal is 3.80 eV. When monochromatic light is shone onto the photocell,
electrons with energy 0.670 eV are emitted.
a.What is the stopping voltage required to stop these electrons?
b.What frequency of the monochromatic light is used?
c.What is the threshold frequency of the metallic surface?

4. In a photoelectric effect experiment, the threshold frequency is measured to be 6.2 × 1014 Hz.
a. Calculate the work function of the metal surface used.
b. If electrons of maximum kinetic energy 3.4 × 10−19 J are detected when light of a particular frequency is

shone onto the apparatus, what is the stopping voltage?
c.With the same source of light, what is the wavelength and hence the momentum of the photons?

5. One electron ejected from a clean zinc plate by ultraviolet light has a kinetic energy of 4.0 × 10−19 J.
a. What would be the kinetic energy of this electron when it reached the anode, if a retarding voltage of 1.0 V

was applied between the anode and cathode?
b.What is the minimum retarding voltage that would prevent this electron reaching the anode?
c. All electrons ejected from the zinc plate are prevented from reaching the anode by a retarding voltage of

4.3 V. What is the maximum kinetic energy of electrons ejected from the zinc?
d. Sketch a graph of photocurrent versus voltage for this metal surface. Use an arbitrary photocurrent scale.

6. What is the stopping voltage when UV radiation having a wavelength of 200 nm is shone onto a clean gold
surface? The work function of gold is 5.10 eV.

7. Robert Millikan performed his photoelectric experiment using a clean potassium surface, with a work function
of 2.30 eV. He used a mercury discharge lamp. One wavelength of ultraviolet radiation emitted by the lamp
was 254 nm.
a. What is the maximum kinetic energy of electrons ejected from the potassium surface by this UV radiation?
b.What voltage would be required to reduce the photocurrent in the cell to zero?
c. Sketch a graph of maximum electron kinetic energy versus frequency for potassium. Show the point on the

graph obtained from the 254 nm UV radiation.
d. Repeat this sketch for sodium, which has a work function of 2.75 eV.

8. When the surface of a material in a photoelectric effect
experiment is illuminated with light from a mercury
discharge lamp, the stopping voltages given in the table
are measured.
Plot the stopping voltage versus the light frequency and
use the graph to determine its:

Wavelength
(nm)

Stopping
voltage (V)

366 1.48

405 1.15

436 0.93

492 0.62

546 0.36

579 0.24

a. threshold frequency
b. threshold wavelength
c. work function of the material, in eV
d. value of Planck’s constant.

9.3 Exam questions

Question 1 (4 marks)
Source: VCE 2020 Physics Exam, Section B, Q.15; © VCAA

The metal surface in a photoelectric cell is exposed to light of a single frequency and intensity in the apparatus
shown in Figure 14.

The voltage of the battery can be varied in value and reversed in direction.

 

light photoelectric cell

Figure 14
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a. A graph of photocurrent versus voltage for one particular experiment is shown in Figure 15.
On the figure, draw the trace that would result for another experiment using light of the same frequency but
with triple the intensity. (2 marks)

photocurrent

voltage

Figure 15

A

b. What is a name given to the point labelled A on the figure? (1 mark)
c. Why does the photocurrent fall to zero at the point labelled A ? (1 mark)

Question 2 (6 marks)
Source: VCE 2019, Physics Exam, Section B, Q.16; © VCAA

Students are studying the photoelectric effect using the apparatus shown in Figure 15.

 

light source

filter

photocell

variable

source

Figure 15

V

A

Figure 16 shows the results the students obtained for the maximum kinetic energy (Ek max) of the emitted
photoelectrons versus the frequency of the incoming light.

f (×10
14

 Hz)

Ek max (eV)

2.0

1.5

1.0

0.5

0
2 31 4 5

Figure 16
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–1.0
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a. Using only data from the graph, determine the values the students would have obtained for
i. Planck’s constant, h. Include a unit in your answer (2 marks)
ii. the maximum wavelength of light that would cause the emission of photoelectrons (1 mark)
iii. the work function of the metal of the photocell. (1 mark)

b. The work function for the original metal used in the photocell is 𝜙.
On the graph above, draw the line that would be obtained if a different metal, with a work function of

1

2
𝜙,

were used in the photocell. (2 marks)

Question 3 (4 marks)
Source: VCE 2017, Physics Exam, Section B, Q.17.a&b; © VCAA

In an experiment, blue light of frequency 6.25 × 1014 Hz is shone onto the sodium cathode of a photocell.
The apparatus is shown in Figure 15.

 

A

V

sodium cathode

photocell

filter

light source

ammeter

voltmeter

collector electrode

Figure 15

reversible

variable

DC voltage

source

+

–

The graph of photoelectric current versus potential difference across the photocell is shown in Figure 16.

photoelectric current

potential

difference

Figure 16

0–V
0

The threshold frequency for sodium is 5.50 × 1014 Hz.
a. What is the cut-off potential, Vo, when blue light of frequency 6.25 × 1014 Hz is shone onto the sodium

cathode of the photocell referred to in the diagram and graph? (2 marks)
b. On the graph of photoelectric current versus potential difference shown, sketch the curve expected if the light

is changed to ultraviolet with a higher intensity than the original blue light. (2 marks)
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Question 4 (6 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.16; © VCAA

Students are investigating the photoelectric effect. The apparatus used by the students is shown in Figure
13. A light source shines light through a filter that only allows one frequency of light to pass through. This
monochromatic light shines onto a metal plate and photoelectrons are emitted. Different filters allow different
frequencies to strike the metal plate. For each frequency, the maximum kinetic energy of the emitted
photoelectrons is measured by using a stopping voltage.

ammeter

A

V

metal plate

photocell

light source

collector electrode

voltmeter
variable

DC voltage

source

+
filter

Figure 13

The graph of the data the students collected for the maximum kinetic energy of emitted photoelectrons versus
frequency is shown in Figure 14. A line of best fit has been drawn.

3

+

+

+
+

2

1

1 2 3 4 5 6 7 8
0

0

–1

–2

–3

E
k max

 of emitted

photoelectrons

(eV)

ƒ
 
(Hz × 1014)

Figure 14

a. Determine the value of Planck’s constant, h, that the students would have obtained from this graph. (2 marks)
b. Determine the value of the minimum frequency, or cut-off frequency, f0, that the students would have obtained

from this graph. (1 mark)
c. Determine the value of the work function of the metal in the plate that the students would have obtained from

this graph. (1 mark)
d. The students replace the photocell with one that has a different metal plate with a work function of 2.5 eV.

On Figure 14, draw in the graph they would now expect. (2 marks)
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Question 5 (3 marks)
Source: VCE 2021, Physics Exam, Section B, Q15; © VCAA

A photoelectric experiment is carried out by students. They measure the threshold frequency of light required for
photoemission to be 6.5×1014Hz and the work function to be 3.2×10−19J.
Using the students’ measurements, what value would they calculate for Planck’s constant? Outline your
reasoning and show all your working. Give your answer in joule-seconds.

More exam questions are available in your learnON title.

9.4 Limitations of the wave model

KEY KNOWLEDGE

• Describe the limitation of the wave model of light in explaining experimental results related to the
photoelectric effect

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

9.4.1 The photon model
Almost thirty years after the first observation of the photoelectric effect, experimental measurements confirmed
the need for a photon model for light. The wave model for light was incapable of explaining the observations of
the photoelectric effect, as shown in table 9.2.

TABLE 9.1 Timeline of key discoveries about the photoelectric effect

Date Event
1887 It all started with Hertz carefully noting the unusual behaviour of sparks across the gaps in his radio

wave detector circuit. This was the first observation of the photoelectric effect.

1901 Max Planck solves the black body radiation problem theoretically, paving the way for light to be
modelled not only as a wave but also as a localised particle with energy proportional to the frequency
of the light, f.

1902 Philipp Lenard carried out experiments to accumulate knowledge about the behaviour of electrons
emitted by light. His results revealed several puzzling aspects: electron energies did not depend on
the light intensity, and a unique cut-off frequency was found to exist for each material.

1905 The flash of insight was Albert Einstein’s, when he realised that all of Lenard’s observations could be
explained if he changed the way he thought about light — if light energy travelled as particles not
waves. He used the particle model to predict that the graph of stopping voltage versus frequency
would be straight, with a slope that was the same for all electron emitters.

1915 Robert Millikan sealed the success of Einstein’s theory with plots of V0 versus f for the alkali metals that
were straight and parallel to one another. He used the plots to measure Planck’s constant. The photon
energy was Ephoton = hf.

This need for a photon model to explain the workings of the photoelectric effect fitted very neatly with Planck’s
black body radiation model, in which a particle model for light was required to make the theory fit with the
experimental evidence of light radiated from hot objects. However, both these phenomena contradicted the
enormously successful wave model for light summarised by Maxwell’s four equations for electromagnetic
phenomena. The wave model for light in terms of perpendicular electric and magnetic fields is consistent with
observed interference patterns and diffraction patterns, and with the propagation of light at a single, universal
speed, c. A wave model for light is also consistent with a large range of electrical and magnetic phenomena, for
example electromagnetic induction.
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Another chapter in physics was about to begin. The development of quantum mechanics would completely
change the way in which scientists viewed the universe. The Newtonian mechanistic world was about to be
overthrown. Confusion between particle and wave models for both light and matter would be resolved, but this
would take another thirty years to achieve.

TABLE 9.2 Observations made from the photoelectric effect and model predictions

Observation Wave model prediction (incorrect) Photon model prediction (correct)

For a given frequency of light, the
photocurrent is dependent in a
linear fashion on the brightness or
intensity of light.

• photocurrent increases with
light amplitude

✗ The wave model makes
no significant prediction
other than that brighter light
should produce electrons
with greater energy, which is
not the case.

✓ Intensity of light relates to the
number of photons per second
striking the photocell. The
photocurrent is expected to
be dependent on the intensity
of light.

The energy of photoelectrons is
independent of intensity of light
and only linearly dependent on
frequency.

• kinetic energy of
photoelectrons increases with
light frequency and amplitude

✗ The energy of electrons is
dependent on the intensity of
light: the larger the amplitude
of the wave, the larger
the energy transferred to
electrons.

✓ The energy of photoelectrons
is linearly dependent on the
frequency of light, provided that
the energy of a single photon of
light is interpreted as equal to
hf.

There is no significant time delay
between incident light striking
a photocell and subsequent
emission of electrons, and this
observation is independent of the
intensity of incident irradiation.

• no time lag between incident
light and emission of
photoelectrons

✗ Time delay is shorter with
increasing intensity.

✓ No time delay is expected
as individual photons of light
strike the photocell and transfer
energy to individual electrons.

A threshold frequency exists below
which the photoelectric effect does
not occur, and this threshold is
independent of intensity.

• threshold frequency is
independent of the intensity
of incident radiation

✗ No threshold effect should
exist, as energy transfer to
electrons from a light source
is cumulative and eventually
emission will occur.

✓ A threshold frequency is
predicted, as photons with
energy less than the work
function are incapable of freeing
electrons from the photocell.

Resources

Digital document eModelling: Photoelectric effect (doc-0042)
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9.4 Quick quiz 9.4 Exercise 9.4 Exam questions

9.4 Exercise

1. If light behaved like a wave when it transferred energy to electrons, as in the photoelectric effect, what would
you expect to happen to the stopping voltage if the intensity of the light were increased?

2. Give two observations that support the particle model for light in the photoelectric effect.
3. Explain why threshold frequency can be adequately explained by the photoelectric effect but not by the wave

model of light.
4. Calculating the energy of a ‘particle’ of light — a photon — by using the frequency associated with an

electromagnetic ‘wave’ of light seems contradictory. Discuss.

9.4 Exam questions

Question 1 (1 mark)
Source: VCE 2021, Physics Exam, Section A, Q16; © VCAA

MC The diagram below shows a circuit that is used to study the photoelectric effect.

 

V

A

light source

filter
photocell

variable

source

Which one of the following is essential to the measurement of the maximum kinetic energy of the emitted
photoelectrons?
A. the level of brightness of the light source
B. the wavelengths that pass through the filter
C. the reading on the voltmeter when the current is at a minimum value
D. the reading on the ammeter when the voltage is at a maximum value

Question 2 (2 marks)
Source: VCE 2021, Physics Exam, Section B, Q16; © VCAA

Light can be described by a wave model and also by a particle (or photon) model. The rapid emission of
photoelectrons at very low light intensities supports one of these models but not the other.

Identify the model that is supported, giving a reason for your answer.

Question 3 (5 marks)
Source: VCAA 2017, Physics Exam, Section B, Q17c; © VCAA

In an experiment, blue light of frequency 6.25 × 1014 Hz is shone onto the sodium cathode of a photocell. The
apparatus is shown in Figure 15.
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V

sodium cathode

photocell

filter

light source

ammeter

voltmeter
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Figure 15

reversible

variable

DC voltage

source

+

–

The graph of photoelectric current versus potential difference across the photocell is shown in Figure 16.

photoelectric current

potential

difference

Figure 16

0–V
0

The threshold frequency for sodium is 5.50 × 1014 Hz.

The results of photoelectric effect experiments in general provide strong evidence for the particle-like nature of
light.

Outline two aspects of these results that provide the strong evidence that is not explained by the wave model of
light, and explain why.

Question 4 (3 marks)
Source: VCE 2018, Physics Exam, NHT, Section B, Q.17; © VCAA

The results of photoelectric effect experiments provide evidence for the particle-like nature of light. Outline one
aspect of the results that would provide this evidence. Your response should explain:

• why a wave model of light cannot satisfactorily explain this aspect of the results
• how the photon theory does explain this aspect of the results.

Question 5 (2 marks)
Source: VCE 2015, Physics Exam, Section A, Q.20.a; © VCAA

Physicists use the expression ‘wave-particle duality’ because light sometimes behaves like a particle and
electrons sometimes behave like waves.

What evidence do we have that light can behave like a particle? Explain how this evidence supports a particle
model of light.

More exam questions are available in your learnON title.
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9.5.1 Topic summary

Light as particles

Emission of light

from hot objects

The photoelectric

effect

A particle of light 

transfers all energy 

to a single electron

Brighter light:

increased photocurrent

Increased frequency:

larger stopping voltage

Wave model of light 

unable to account

for this

Wave model of light 

unable to account for this

Brighter light:

same stopping voltage

Stopping voltage V0

Threshold 

frequencies f0

Work function ϕ

ϕ = hf0

Incandescence requires

light to be particle-like

Ephoton = hf

Ek max = qeV0

Einstein’s particle

model for light

Ek max = Ephoton – ϕ 

= hf – ϕ

p = h

λ
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9.5.2 Key ideas summary

9.5.3 Key terms glossary
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9.5 Review questions
1. Red light has a wavelength 650 nm.

a. State the wavelength in metres.
b. Calculate the frequency of red light.
c. Determine both the energy and momentum of a photon in the red light.

2. A 1000-W radio transmitter emits photons with frequency 105.9 MHz. Calculate the number of photons
emitted per second by the transmitter.

3. Incident on its surface, a photocell has light of frequency 6.8 × 1014 Hz. Electrons emitted from this cell have
a maximum energy of 2.4 × 10–19 J.

a. Find the energy of a photon of light incident on the photocell. Give your answer in both the units of joule
and electron volt.

b. Determine the work function of the photocell surface. Give your answer in both the units of joule and
electron volt.

c. Determine the stopping voltage necessary to stop all photoelectrons.

4. The threshold frequency of a particular photocell is 3.50 × 1014 Hz.

a. Explain why light with frequency below this will not emit electrons from this photocell.
b. Determine the work function 𝜙 for this cell.
c. Calculate the energy of photoelectrons emitted from this photocell when light of frequency 5.10 × 1015 Hz

is incident on the cell.

5. Students collect data using a photocell as part of an investigation. They find that, when light of frequency
4.1 × 1014 Hz is used, the stopping voltage is 0.72 V. When they use light of a higher frequency,
6.2 × 1014 Hz, the stopping voltage is increased to 1.60 V.

a. Use this data to determine a value for Planck’s constant in both eV s and J s.
b. Calculate the work function of this photocell.
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6. Students have accurately measured and recorded the following information for a specific photoelectric effect
experiment.
incident light frequency: f = 5.2 × 1012 Hz
stopping voltage: V0 = 1.10 V
photocurrent when voltage is 0 V: 24 μA

The following changes are then made:

a. The light is made more intense. State and explain what will happen to the stopping voltage and what will
happen to the photocurrent in this situation.

b. The light is returned to its original intensity and a higher frequency is used. State and explain what will
happen to the stopping voltage and what will happen to the photocurrent in this situation.

c. The light is returned to its original frequency and intensity, but this time a photocell having a smaller work
function is used instead. State and explain what will happen to the stopping voltage and what will happen
to the photocurrent in this situation.

7. Consider four observations made concerning the photoelectric effect. Give reasons why a particle model
better explains each of these observations and also why a wave model for light is inadequate.

9.5 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 2022 Physics Exam, Section A, Q.15; © VCAA

Which one of the following best provides evidence of light behaving as a particle?

A. photoelectric effect

B. white light passing through a prism

C. diffraction of light through a single slit

D. interference of light passing through a double slit

Question 2

Source: VCE 2022 Physics Exam, NHT, Section A, Q.16; © VCAA

When light of a specific frequency strikes a metal surface, photoelectrons are emitted.

If the light intensity is increased but the frequency of the light remains the same, which of the following would be
correct?

Number of photoelectrons emitted Maximum kinetic energy of photoelectrons

A. increases remains the same

B. remains the same increases

C. increases decreases

D. remains the same remains the same
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Question 3

Source: VCE 2021 Physics Exam, NHT, Section A, Q.18; © VCAA

Experiments on the photoelectric effect involve shining light onto a metal surface. Measurements are made of the
number of emitted electrons and their maximum kinetic energy from the metal surface. This is done for different
frequencies and intensities of light.

Which one of the following statements would not be one of the experimental findings?

A. The ability to eject electrons from this metal depended only on the frequency of light.

B. The stopping potential for the photoelectrons was independent of the light intensity.

C. The maximum kinetic energy of the photoelectrons depended only on the light intensity.

D. At frequencies below the threshold frequency, no electrons were ejected from this metal no matter how high
the light intensity was.

Question 4

Source: VCE 2018 Physics Exam, NHT, Section A, Q.16; © VCAA

When light of a specific frequency strikes a particular metal surface, photoelectrons are emitted.

If the light intensity is increased but the frequency of the light remains the same, which of the following is correct?

Number of photoelectrons emitted Maximum kinetic energy of the photoelectrons

A. remains the same remains the same

B. remains the same increases

C. increases remains the same

D. increases increases

Question 5

Source: VCE 2018 Physics Exam, NHT, Section B, Q.17; © VCAA

A metal surface has a work function of 2.0 eV.
The minimum energy of an incoming photon required to eject a photoelectron is

A. 3.2×10−19 J
B. 1.6×10−19 J
C. 8.0×10−20 J
D. 4.0×10−20 J

Question 6

Source: VCE 2020 Physics Exam, Section A, Q.16; © VCAA

The diagram below shows a plot of maximum kinetic energy, Ek max, versus frequency, f, for various metals
capable of emitting photoelectrons.

5.0 5.2 5.4 5.6 5.8 6.0 6.2

nickel potassium sodium lithium

f (×1014 Hz)

Ek max

6.4
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Which one of the following correctly ranks these metals in terms of their work function, from highest to lowest in
numerical value?

A. sodium, potassium, lithium, nickel

B. nickel, potassium, sodium, lithium

C. potassium, nickel, lithium, sodium

D. lithium, sodium, potassium, nickel

Question 7

Source: VCE 2020 Physics Exam, Section A, Q.20; © VCAA

When photons with energy E strike a metal surface, electrons may be emitted.

The maximum kinetic energy, Ek max, of the emitted electrons is given by Ek max=E−W, where W is the work
function of the metal.

Which one of the following graphs best shows the relationship between the maximum kinetic energy of these
electrons, Ekmax, and the wavelength of the photons, 𝜆?

Ek max

λ

A.

E
k max

λ

B.

E
k max

λ

C.

E
k max

λ

D.

Question 8

Source: VCE 2019, Physics Exam, Section A, Q.16; © VCAA

Students are conducting a photoelectric effect experiment. They shine light of known frequency onto a metal and
measure the maximum kinetic energy of the emitted photoelectrons.

The students increase the intensity of the incident light.

The effect of this increase would most likely be

A. lower maximum kinetic energy of the emitted photoelectrons.

B. higher maximum kinetic energy of the emitted photoelectrons.

C. fewer emitted photoelectrons but of higher maximum kinetic energy.

D. more emitted photoelectrons but of the same maximum kinetic energy.

Question 9

Source: VCE 2021, Physics Exam, Section A, Q18; © VCAA

A monochromatic light source is emitting green light with a wavelength of 550 nm. The light source emits
2.8×1016 photons every second.
Which one of the following is closest to the power of the light source?

A. 1.0×10−2W
B. 3.3×10−11W
C. 2.1×109W
D. 6.3×1016W
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Question 10

Source: VCE 2018, Physics Exam, Q.17; © VCAA

The results of a photoelectric experiment are displayed in the graph below. The graph shows the maximum kinetic
energy (Ek max) of photoelectrons versus the frequency (f) of light falling on the metal surface.

Ek max

0
0

f

A second experiment is conducted with the original metal surface being replaced by one with a larger work
function. The original data is shown with a solid line and the results of the second experiment are shown with a
dashed line.

Which one of the following graphs shows the results from the second experiment?

0
0

f

E
k max

A. E
k max

0
0

f

B.

E
k max

0
0

f

C.
E

k max

0
0

f

D.

Section B — Short answer questions

Question 11 (9 marks)

Source: VCE 2022 Physics Exam, Section B, Q.14; © VCAA

Sam undertakes a photoelectric effect experiment using the apparatus shown in Figure 12. She uses a green filter.

filter

photocell

variable

sourcelight source

A

V

Figure 12

Sam produces a graph of photocurrent, I, in milliamperes, versus voltage, V, in volts, as shown in Figure 13.

P

Figure 13

photocurrent,

I (mA)

voltage, V (volts)
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a. Identify what point P represents on the graph in Figure 13. (1 mark)

b. Sam then significantly increases the intensity of the light.
Sketch the resulting graph on Figure 14. The dashed line in Figure 14 represents the original data. (2 marks)

P

Photocurrent

I (mA)

V

Figure 14

c. Sam replaces the green filter with a violet filter, keeping the light source at the increased intensity.
Sketch the resulting graph on Figure 15. The dashed line in Figure 15 represents the original data. (2 marks)

P

Figure 15

photocurrent,

I (mA)

voltage, V (volts)

Further experiments produce Figure 16, a graph of maximum kinetic energy, Ek max, of emitted photoelectrons
versus frequency, f, of light.

Figure 16

f (× 1014 Hz)

Ek max (eV)

–3.4

8.1

d. Determine the work function, in electron volts, of the metal surface used in the experiment that produced the
data shown in Figure 16. (1 mark)
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e. From the graph shown in Figure 16, calculate, in joule-seconds, the value of Planck’s constant. Show your
working. (2 marks)

f. State one limitation of the wave model in explaining the results of the photoelectric effect. (1 mark)

Question 12 (6 marks)

Source: VCE 2022 Physics Exam, NHT, Section B, Q.15; © VCAA

Figure 11 shows an apparatus used to study the photoelectric effect. Light of various frequencies and intensities
can be shone onto the metal plate inside an evacuated cell. This sometimes results in the release of
photoelectrons. The voltage of the power supply can be varied and the direction can be reversed.

evacuated cell

metal plate

Figure 11

e

The graph in Figure 12 shows the variation of photocurrent with voltage for three experiments, A, B and C, using
light of different frequency and intensity.

Experiment A

photocurrent

voltage

Figure 12

Experiment B

Experiment C

–2 V –1 V

a. Using the terms ‘halved’, ‘no change’ or ‘doubled’, how would the intensity and frequency of the light used in
Experiment B need to be changed so that Experiment B gives the same results as Experiment A in
Figure 12? (2 marks)

Intensity

Frequency

b. Using the terms ‘halved’, ‘no change’ or ‘doubled’, how would the intensity and frequency of the light used in
Experiment B need to be changed so that Experiment B gives the same results as Experiment C in
Figure 12? (2 marks)

Intensity

Frequency
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c. The metal plate is made of a metal that has a work function of 2.93 eV.
Determine whether photoelectrons will be ejected from the metal plate when it is illuminated by light with a
wavelength of 700 nm. Show your working. (2 marks)

Question 13 (7 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.15; © VCAA

The apparatus shown in Figure 19 is used to investigate the photoelectric effect. Light of various wavelengths is
shone onto a silver plate (cathode). The work function of silver is 4.9 eV.

cathode

light

vacuum

anode

photoelectron

Figure 19

battery

V

μA

a. Explain what happens when light of wavelength 400 nm hits the silver plate. Use calculations to support your
answer. (2 marks)

b. Explain what happens when light with a photon energy of 5.4 eV hits the silver plate. (2 marks)

c. Which model of light does this photoelectric investigation support? Give two reasons to justify
your answer. (3 marks)

Question 14 (8 marks)

Source: VCE 2019 Physics Exam, NHT, Section B, Q.16; © VCAA

April sets up the apparatus shown in Figure 15 to investigate the photoelectric effect. She can change the
frequency of the light incident on the metal plate by changing the filter and she can change the type of metal of
which the plate is made.

ammeter

A

V

metal plate

light source

collector electrode

Figure 15

voltmeter +filter

a. For her first experiment, April chooses a filter that gives light of frequency 7.13×1014 Hz and a metal plate
made of caesium with a work function of 1.95 eV.
April adjusts the voltage of the collector electrode so that the current becomes smaller and smaller.
When the ammeter, A, reaches zero, April records the voltage shown on the voltmeter, V.
Use calculations to determine this voltage. (3 marks)
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b. For her second experiment, April uses a metal plate made of zinc. Zinc has a threshold frequency for emission
of photoelectrons of 1.04×1015 Hz. Photoelectrons are emitted.
Calculate the maximum wavelength, in nanometres, of the light for photoelectrons to be emitted from the zinc
plate. Show your working. (2 marks)

c. For her third experiment, April changes the metal plate from the zinc plate used in the second experiment to a
plate made of platinum. Platinum has a threshold frequency of 1.53×1015 Hz. April uses light of frequency
7.13×1014 Hz but does not make any other changes. Photoelectrons are not emitted.
April observes for a longer time and then increases the intensity of the light beam but still finds that
photoelectrons are not emitted.
Explain how April’s observations support the particle model of light but do not support the wave model of light
in explaining the photoelectric effect. (3 marks)

Question 15 (11 marks)

Source: VCE 2017 Physics Exam, NHT, Section A, Q.18; © VCAA

Students set up the apparatus shown in Figure 28 to study the photoelectric effect. The apparatus consists of a
light source, a filter and a photocell (a metal emitting plate on which light falls and a collecting electrode/collector,
all enclosed in a vacuum tube).

collector

variable

source

emitting plate

filter
light source

photocell

Figure 28

A
V

a. The students allow light of 500 nm to shine on the photocell.
Determine the energy of each photon of this light. (2 marks)

The students then begin the experiment with the collector negative, with respect to the emitting plate. They
gradually reduce the voltage to zero and then increase it to positive values. They measure the current in ammeter
A and plot the graph as shown in Figure 29.

emitting plate to

collector voltage (V)–3.0 –2.0 –1.0 0 1.0

Figure 29

2.0

2.0

1.0

3.0

3.0

I ( μA)

b. Using the graph in Figure 29, determine the maximum kinetic energy of the emitted photoelectrons. (1 mark)

c. Determine the work function of the metal of the emitting plate. Show your working. (2 marks)

d. Explain why the graph in Figure 29 is a flat, straight line beyond V=+1.0V. (2 marks)
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e. The students double the intensity of the light, keeping the frequency the same, and plot the results on a graph,
with the original current shown as a dashed line.
Which one of the following graphs (A.–D.) will they now obtain? (1 mark)

emitting plate to

collector voltage (V)–3.0

A.

–2.0 –1.0 0 1.0

1.0

2.0

2.0

3.0

3.0

I (µA)

emitting plate to

collector voltage (V)

B.

–3.0 –2.0 –1.0 0 1.0 2.0 3.0

1.0

2.0

3.0

I (µA)

emitting plate to

collector voltage (V)

C.

–3.0 –2.0 –1.0 0 1.0 2.0 3.0

1.0

2.0

3.0

I (µA)

emitting plate to

collector voltage (V)

D.

–3.0 –2.0 –1.0 0 1.0 2.0 3.0

1.0

2.0

3.0

I (µA)

f. Explain your answer to part e., with reference to the particle model and the wave model of light. (3 marks)
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AREA OF STUDY 1 HOW HAS UNDERSTANDING ABOUT THE PHYSICAL WORLD CHANGED?

10
Matter as particles or waves and
the similarities between light and
matter

KEY KNOWLEDGE

In this topic, you will:
• interpret electron diffraction patterns as evidence for the wave-like nature of matter
• distinguish between the diffraction patterns produced by photons and electrons

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

p
• compare the momentum of photons and of matter of the same wavelength including

calculations using: p= h𝜆
• discuss the importance of the idea of quantisation in the development of knowledge about
light and in explaining the nature of atoms

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

• interpret spectra and calculate the energy of absorbed or emitted photons: E=hf

• analyse the emission or absorption of a photon by an atom in terms of a change in the
electron energy state of the atom, with the difference in the states’ energies being equal to

the photon energy: E=hf= hc𝜆
• describe the quantised states of the atom with reference to electrons forming standing
waves, and explain this as evidence for the dual nature of matter

• interpret the single photon and the electron double slit experiment as evidence for the dual
nature of light and matter.

Source: VCE Physics Study Design (2024–2027) 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 video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

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



10.1 Overview
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10.1.1 Introduction

FIGURE 10.1 Do discoveries related to light behaving
like a particle and a wave apply to matter such as
electrons?

Early in the twentieth century, physicists realised that
light can sometimes behave like a wave and at other
times like a particle. The question naturally arose: can
matter also behave like a particle at certain times and
like a wave at other times? In 1920, Louis de Broglie
suggested a way to calculate the wavelength of a piece
of matter from its momentum. Later that decade,
William Bragg showed that individual electrons could
diffract when passing through narrow openings — the
space between atoms in crystals — and thus have a
specified wavelength. A wave model for electrons was
developed to explain the diffraction of matter, but was
also found to perfectly explain both discrete emission
and absorption spectra as well as the inherent stability
of atoms themselves. Just as the strings of a guitar
emit a spectrum of audio frequencies, an excited atom emits a spectrum of light frequencies, leading us to
consider electrons in atoms as a type of standing wave. It seems that a particle–wave model is required for both
matter and light. Can light and matter sometimes behave like a wave propagating in all directions at once and
sometimes like a particle moving in a single direction only? The answer is: they can!
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10.2 Matter modelled as a type of wave

KEY KNOWLEDGE

• Interpret electron diffraction patterns as evidence for the wavelike nature of matter

• Calculate the de Broglie wavelength of matter: 𝜆= h

p

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

10.2.1 The wave behaviour of electrons

matter anything that takes space
(has volume) and has a rest mass

By the end of the nineteenth century, it was clear that light exhibited wavelike
properties that could be modelled using the wave model of light. At the time,
it was also firmly established that matter could be modelled as consisting of
particles (particle theory). However, as seen in topic 9, the photoelectric effect showed that it was necessary for
light to also be modelled as a particle. Could electrons also exhibit wave phenomena as well as demonstrating
particle behaviour?

During this time a significant dilemma associated with the stability of atoms also existed. If electrons orbited
around the nucleus then they must be accelerating and, according to Maxwell’s theory of electromagnetic
radiation, they should continuously emit light. Yet, this would cause orbiting electrons to lose energy and spiral
inwards into the nucleus. However, atoms are stable so this does not happen. Niels Bohr developed a model
in which atomic electrons simply did not emit light, in violation of Maxwell’s laws, and had specific discrete
amounts of momentum and energy. These orbits were called stationary states. Atoms were known to emit and
absorb light at discrete frequencies, a phenomenon not yet understood.

Even though Bohr could calculate electron energies, he could not explain why hydrogen electrons only
occupied orbits whose energies were discrete (only taking certain values). Why were these the only
possible orbits and how did atoms emit the correct frequency of light to land in another stationary state?

In fact, Rutherford wrote to Bohr:

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

Light modelled as a wave was known to carry momentum. Using
Planck’s equation, the amount of momentum was related to energy

and to the wavelength. Recall: p= E

c
= hf

c
= h𝜆 .

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

FIGURE 10.2 Louis de Broglie won the
Nobel Prize for Physics for his discovery
of the wave nature of electrons.
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The de Broglie wavelength

𝜆= h

p
= h

mv

de Broglie wavelength wavelength
associated with a particle of
matter, in relation to its mass and
wavelength

where: 𝜆 is the de Broglie wavelength of the particle, in m

h is Planck’s constant (6.63 × 10−34 J s)

p is the momentum of the particle, in kg m s−1 (or N s)

m is the mass of the particle, in kg

v is the velocity of the particle, in m s−1

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

It can be appreciated why the wave properties of matter are difficult to observe. For example, calculate the
de Broglie wavelength of a 70-kg athlete running at a speed of 10 m s−1.

𝜆 = h

mv= 6.63× 10−34 J s

70 kg× 10 m s−1= 9.5× 10−37 m

This wavelength is much too small for any real observation of diffraction effects. The athlete would have to run
through an extremely narrow opening for any chance of measurable diffraction. However, for a particle with a
small mass, such as an electron travelling at low speed, measurable diffraction is observed. Electrons accelerated
through a 100-V potential difference would have a speed of approximately 6.0 × 106 m s−1, and because the
mass of an electron is 9.1 × 10−31 kg, it would have a momentum of:

p = mv= 9.1× 10−31 kg× 6.0× 106 m s−1= 5.5× 10−24 kg m s−1

The de Broglie wavelength for these electrons is:

𝜆 = h

p= 6.63× 10−34 J s

5.5× 10−24 m s−1= 1.2× 10−10 m

Note that 10−10 m is the order of magnitude of the spacing between atoms in many crystals and recall that if the

ratio of wavelength to slit width,
𝜆
w

, is sufficiently large, say greater than
1

10
, then diffraction effects are readily

observable.

This observation provides a framework to test whether matter has an associated wavelength, for instance,
by using an electron gun to fire a beam of electrons of specific energy, and hence specific momentum and
wavelength, at a crystal and observing whether diffraction effects appear. The de Broglie wavelength of a
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slow-moving electron (v≪ c) has the same order of magnitude as the spacing between atoms in a crystal lattice;
therefore, diffraction patterns should be observed.

Interpreting electron diffraction

• Diffraction is a property of waves
• Electrons can undergo diffraction when passed through atomic crystals
• Electrons are matter

Electron diffraction is evidence for the wavelike nature of matter.

SAMPLE PROBLEM 1 Calculations involving the de Broglie wavelength and the speed of
an objecttlvd-9020

a. Calculate the de Broglie wavelength of a 10.0-g snail whose speed is 0.100 mm s−1.
b. How fast would an electron have to travel to have a de Broglie wavelength of 1.0 μm?

THINK WRITE

a. The de Broglie wavelength is given by the

expression 𝜆= h

p
= h

mv
, keeping in mind that

mass must be in kilograms and velocity in metres
per second.

a. 𝜆 = h

mv= 6.63× 10−34

10.0× 10−3 × 0.100× 10−3= 6.63× 10−28 m

b. The expression 𝜆= h

mv
can be transposed to

make v the subject. The values for Planck’s
constant, the mass of an electron and the de
Broglie wavelength can be substituted in.

b. v = h

m𝜆= 6.63× 10−34

9.1× 10−31 × 1.0× 10−6= 7.3× 102 m s−1

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

PRACTICE PROBLEM 1

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

The de Broglie wavelength for matter is inversely proportional to both the speed and mass. Matter with large
wavelengths necessary for wave properties to manifest themselves has to travel slowly and have little mass.

Since electrons have a mass that is approximately
1

1800
that of a proton or neutron, it is easier to detect the wave

properties of electrons over those of other fundamental particles such as protons and neutrons.

Resources

Video eLessons De Broglie wavelength (eles-3520)
The momentum of photons and matter (eles-3521)
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10.2 Quick quiz 10.2 Exercise 10.2 Exam questions

10.2 Exercise

1. A particle has momentum 3.5 × 10–4 N s. Calculate the de Broglie wavelength of the particle.
2. A particle of mass 3.0 kg has a de Broglie wavelength of 5.0 × 10–36 m. Calculate the speed of the particle.
3. When a particle is accelerated so that its speed increases, state and explain any changes to its de Broglie

wavelength.
4. A soccer ball (m= 420 g) is kicked towards a goalie defending the net at a speed of 40 m s–1. Calculate the de

Broglie wavelength of the soccer ball.
5. Determine what the maximum value of the momentum of an object must be for its de Broglie wavelength to

exceed 1.00 nm.
6. Suggest an experiment that in principle could show that matter exhibits wavelike behaviour.

10.2 Exam questions

Question 1 (1 mark)
Source: Adapted from VCE 2021 Physics Exam, Section B, Q.17a; © VCAA

A ‘space sail’ mounted on a tiny interstellar cylindrical probe relies on the momentum of photons from a nearby
star to exert a propulsive force, as shown in the following figure.

The photons strike the sail at 90° to its surface and reflect elastically. Scientists need to calculate the force
exerted by the photons, which have a frequency of 7.0 × 1015 Hz.

Calculate the momentum of a 7.0 × 1015-Hz photon.

Question 2 (1 mark)
Source: VCE 2019 Physics Exam, Section A, Q.14; © VCAA

MC Electrons of mass 9.1 × 10–31 kg are accelerated in an electron gun to a speed of 1.0 × 107 m s–1.

The best estimate of the de Broglie wavelength of these electrons is

4.5 × 10−6 mA. 7.3 × 10−8 mB. 7.3 × 10−11 mC. 4.5 × 10−12 mD.
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Question 3 (3 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.13a; © VCAA

Electrons are accelerated through a potential difference of 4000 V and then pass through a metallic crystal. The
resulting diffraction pattern is observed.

Calculate the de Broglie wavelength of these electrons.

Question 4 (2 marks)
Source: VCE 2017 Physics Exam, NHT, Section B, Q.19a; © VCAA

crystal

Figure 30

evacuated tube

electron gun

diffraction pattern

on screen

Students use a piece of apparatus to study electron
diffraction. The apparatus consists of an evacuated tube,
with an electron gun at one end, a crystal in front of the
electron gun and a screen at the other end. The apparatus
is shown in Figure 30.

The electrons are accelerated by a voltage to a speed of
2.0 × 107 m s–1. The mass of an electron is 9.1 × 10–31 kg.

Calculate the de Broglie wavelength of these electrons.
Show your working.

Question 5 (2 marks)
Source: VCE 2015 Physics Exam, Section A, Q.22; © VCAA

Electrons (of mass 9.1 × 10–31 kg) have a de Broglie wavelength of 1.0 × 10–11 m.

Calculate the speed of these electrons.

More exam questions are available in your learnON title.

10.3 The diffraction of light and matter

KEY KNOWLEDGE

• Distinguish between the diffraction patterns produced by photons and electrons

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

p= h𝜆
Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

10.3.1 Diffraction of electrons
De Broglie suggested conducting an experiment to confirm whether a beam of electrons could be diffracted from
the surface of a crystal. The spaces between atoms could be used as a diffraction grating in much the same way
that X-rays were diffracted by thin crystals as suggested by Max von Laue in 1912. Clinton Davisson (1881–
1958) and Lester Germer (1896–1971) directed a beam of electrons at a metal crystal in 1927, and the scattered
electrons came off in regular peaks as shown in figure 10.3b. This pattern is indicative of diffraction taking place
with individual electrons as they scattered off the crystal surface. The diffraction patterns produced by photons
and electrons (figure 10.4) are indistinguishable when they are at the same wavelength. In fact, the wavelength
determined from the diffraction experiments was exactly as predicted by the de Broglie wavelength formula. In
this way, electrons were shown to have wavelike properties. Since then, protons, neutrons and, more recently,
atoms have been shown to exhibit wavelike properties, but it begs the question: if matter can exhibit wave
characteristics, what is it that is ‘waving’? More scientifically, the question is: what physical variable is it that
has an amplitude and phase?
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FIGURE 10.3 The Davisson and Germer experiment. a. Electrons emitted from a heated filament are accelerated
towards the crystal surface. The intensity of reflected electrons is recorded as the angle of the detector is
changed. b. Electron intensity as a function of angle.

15°

50°

30° 45° 60° 75° 90°

θ

I

0

V = 54 V

Electron gun Electron beam

(in vacuum)

Electron detector

Nickel crystal

Power supply

θ

a. b.

FIGURE 10.4 Illustration of diffraction patterns of a. an X-ray beam and b. an electron beam through a
metal lattice

a. b.

SAMPLE PROBLEM 2 Calculating dimensions to observe a diffraction pattern
tlvd-9021

What dimensions of an array of slits is required to observe diffraction of 60-g tennis balls travelling at
30 m s−1? What about electrons travelling at 3.0 × 106 m s−1?

THINK WRITE

1. To observe diffraction effects, the size of
the opening needs to be of the same order of
magnitude or smaller than the wavelength
of the waves.
Calculate the de Broglie wavelength of the
tennis ball and the electron, by substituting
h = 6.63 × 10−34 J s, m = 60 g = 0.060 kg
and v = 30 m s−1 for the tennis ball, and
m = 9.1 × 10−31 kg and v = 3.0 × 106 m s−1

for the electrons.

The de Broglie wavelength of the tennis ball:𝜆 = h

mv= 6.63× 10−34

0.060× 30= 3.7× 10−34 m

The de Broglie wavelength of the electron:𝜆 = h

mv

= 6.63× 10−34

9.1× 10−31 × 3.0× 106= 2.4× 10−10 m
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2. State the order of magnitude of the de
Broglie wavelength of the tennis ball and the
de Broglie wavelength of the electron.

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

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

PRACTICE PROBLEM 2

At what velocity would neutrons (mass = 1.67 × 10−27 kg) need to move so they demonstrate
diffraction effects when passing through an array of slits of width 1.0μm?

10.3.2 Electrons through foils
Intense, creative interest in fundamental physics ran in the Thomson family. It was J.J. Thomson whose
ingenious experiment yielded the measurement of the charge-to-mass ratio of the electron. At that time, there
was no doubt that electrons were extremely well modelled as particles. However, G.P. Thomson, son of J.J.,
continued the exploration of the wave properties of electrons. He fired electrons through a thin polycrystalline
metallic foil. The electrons had a much greater momentum than those used by Davisson and Germer. They were
able to penetrate the foil and produce a pattern demonstrating diffraction of the electrons by the atoms of the
foil — further evidence for wavelike behaviour of electrons. The polycrystalline nature of the foil results in a
series of rings of high intensity, as shown in figure 10.5b. Thomson used identical analysis techniques to those
used for the diffraction of X-rays through foils, to confirm the de Broglie relationship.

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

FIGURE 10.5 Electrons through foils. a. Diffraction of X-rays and electrons by polycrystalline foils b. Diffraction
pattern

Beam of X-rays 

or electrons

a. b.

Target

(powdered

aluminium foil)

Photographic

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

By equating the kinetic energy of the electron (Ek) to the work done by an accelerating voltage acting on an
electron (qeV), the following relationship is obtained

Ek = 1

2
mev

2 = qeV

mev
2 = 2qeV

If we multiply both sides of the equation by the mass of an electron (me) seen earlier, we get:

(me)
2 v2 = 2meqeV

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

p=√

2meqeV

or

p=√

2meEk,
remembering that Ek is equal to qeV.

Since the de Broglie wavelength 𝜆 is given by
h

p
, it follows that:

𝜆= h
√

2meqeV
= h

√

2meEk

where: h is Planck’s constant (6.63 × 10−34 J s)

me is the mass of an electron, in kg

qe is the charge on one electron, in C

V is the accelerating voltage, in V

Ek is the kinetic energy of the electron, in J
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SAMPLE PROBLEM 3 Calculating acceleration voltage
tlvd-9023

What voltage is required to accelerate electrons to a velocity of 3.0 × 106 m s−1?

THINK WRITE

To accelerate electrons to a speed of
3.0 × 106 m s−1, the work done by a voltage
V needs to be calculated.Δ Ek electron = 1

2
mev

2

Δ Ek electron = − ΔEp electron= qeV⇒ V= mev
2

2qe

where qe is the magnitude of the charge of the
electron (1.6 × 1019 C).

V = mev
2

2qe= 9.1× 10−31 × (

3.0× 106
)2

2× 1.6× 10−19= 26 V
So, only 26 V is required to accelerate an
electron to 3.0 × 106 m s−1.

PRACTICE PROBLEM 3

Calculate the velocity of electrons accelerated from rest by an electron gun whose voltage is set
at 13 V.

SAMPLE PROBLEM 4 Comparing the wavelength of X-rays and electrons with similar
wavelengthstlvd-9022

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

THINK WRITE

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

√

2meEk

𝜆 = h
√

2meEk= 6.63× 10−34

√

2× 9.1× 10−31 × 1.6× 10−19 × 600= 5.0× 10−11 m

2. Answer the question. The de Broglie wavelength of 5.0× 10−11 m is a
similar value to the 7.1× 10−11 m wavelength of the
X-rays.
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PRACTICE PROBLEM 4

a. X-rays of wavelength 0.053 nm are used to investigate the structure of a new plastic. If a beam of
electrons is to be used instead of X-rays, what voltage should be used to accelerate these electrons?

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

Comparing the momentum of photons with that of matter of the same wavelength

When examining the energy and momentum of photons and electrons, two useful energy–momentum
relationships can be derived. The equations relating energy E and momentum p are different for photons
compared to electrons.

Photons

Since E= hf and f= c𝜆 , it follows that E= hc𝜆 . But since p= h𝜆 , it also follows that E= pc. The energy of

a photon E is directly proportional to the momentum of a photon:

E= pc

Electrons

Since E= 1

2
mv2 = 1

2
× m2v2

m
and p=mv, it follows that E= p2

2m
. The kinetic energy E of an electron is

directly proportional to the square of the electron’s momentum:

E= p2

2m

Therefore:
• Photons having the same momentum as an electron will have a different amount of energy.
• Photons having the same energy as an electron will have a different amount of momentum.

SAMPLE PROBLEM 5 Calculating the momentum and energy of photons and electrons
tlvd-9024

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

electron with the same wavelength.

THINK WRITE

a. 1. The momentum of the photon and the
electron are governed by the same equation,

namely p= h𝜆 . Hence, both the photon and

the electron will have the same momentum
because they have the same associated
wavelength.

a. p = h𝜆= 6.63× 10−34

2.0× 10−10= 3.3× 10−24 Ns
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2. Write your observations. The photon and the electron have the same
momentum.

b. 1. To determine the energy of an object from
its momentum, the question must be asked
whether it is a photon or an object with mass.
The relations are different. For the photon,

E= pc. For the electron, however, E= p2

2m
.

b. Energy of the photon:

E = pc= 3.3× 10−24 × 3.0× 108= 9.9× 10−16 J or 6.2 keV

Energy of the electron:

E = p2

2m

= (

3.3× 10−24
)2

2× 9.1× 10−31= 6.0× 10−18 J or 37 eV

2. Write your observations. The electron has substantially less kinetic
energy than the photon, even though they have
the same momentum.

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

PRACTICE PROBLEM 5

Consider a photon and an electron that both have a wavelength of 1.0 × 10−10 m.
a. Calculate and compare the momentum of the photon and the electron.
b. Calculate and compare the energy of the photon and the electron.
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10.3 Quick quiz 10.3 Exercise 10.3 Exam questions

10.3 Exercise

1. Calculate the de Broglie wavelength of the following particles.
a. A proton (m = 1.67 x 10−27 kg) travelling at 3.0 × 107m s−1

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

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

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

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

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

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

significantly.
5. Electrons may display wave properties and diffract when passed through narrow openings. In an experiment,

a scientist uses an electron gun to direct a beam of electrons towards a crystal. The spacing between the
atoms in the crystal is about 5.0 × 10−10 m. The scientist adjusts the accelerating voltage of the electron gun
to 3.0 kV.
a. Calculate the energy of electrons in the beam in eV and in J.
b. Calculate the momentum and hence the de Broglie wavelength of the electrons.
c. Determine whether the scientist should expect to observe significant diffraction effects.
d. Explain how the scientist should adjust the accelerating voltage to make electrons diffract significantly

when passing through the crystal.
The scientist now decides to use photons to obtain the same diffraction pattern and passes a beam of
photons through the same crystal.
e. What wavelength and, hence, momentum photons should they use?
f. What is the energy of these photons? Give your answer in eV and in J.

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

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

proton.
The mass of a proton is 1.67 × 10−27 kg.
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8. Electrons can be accelerated with a potential difference in an electron gun. To make a beam of electrons
whose de Broglie wavelength is 2.0 × 10−10 m, calculate the potential difference that needs to be used.

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

10.3 Exam questions

Question 1 (7 marks)
Source: VCE 2022 Physics Exam, Section B, Q.17; © VCAA

Figure 19

A materials scientist is studying the diffraction of electrons through a thin metal
foil. She uses electrons with an energy of 10.0 keV. The resulting diffraction
pattern is shown in Figure 19.
a. Calculate the de Broglie wavelength of the electrons in

nanometres. (4 marks)
b. The materials scientist then increases the energy of the electrons

by a small amount and hence their speed by a small amount.
Explain what effect this would have on the de Broglie wavelength
of the electrons. Justify your answer. (3 marks)

Question 2 (5 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.16; © VCAA

 Figure 13

Figure 13 shows the diffraction pattern produced by an X-ray beam consisting
of photons of energy 400 eV.
a. Show that the wavelength of an X-ray photon is approximately

3 nm. (2 marks)
b. A stream of electrons produces a diffraction pattern with the same

spacing as the X-ray diffraction pattern shown in Figure 13. Calculate
the speed of an electron in the stream. Take the mass of the electron
to be 9.1 × 10–31 kg. (3 marks)

Question 3 (5 marks)
Source: VCE 2020 Physics Exam, Section B, Q.16; © VCAA

 Figure 16

A beam of electrons travelling at 1.72 × 105ms−1 illuminates a crystal,
producing a diffraction pattern as shown in Figure 16. Take the mass
of an electron to be 9.1 × 10−31 kg. Ignore relativistic effects.
a. Calculate the kinetic energy of one of the electrons. Show

your working. (2 marks)
b. The electron beam is now replaced by an X-ray beam. The resulting

diffraction pattern has the same spacing as that produced by the
electron beam. Calculate the energy of one X-ray photon. Show
your working. (3 marks)

Question 4 (5 marks)
Source: VCE 2021 Physics Exam, Section B, Q.18; © VCAA

Scientists are conducting experiments to compare the circular diffraction patterns formed by X-ray photons and
electrons when they pass through small apertures. The X-ray photons have an energy of 100 eV and pass through
an aperture of diameter 1.24 µm. The electrons are moving at 5.0×105ms−1.
a. Show that the de Broglie wavelength of the electrons is equal to 1.46×10−9m. (1 mark)
b. The scientists want an aperture for the electrons that forms diffraction patterns with the same spacing as the

diffraction patterns formed by the X-ray photons. Calculate the diameter of the aperture that the scientists
should choose. Show your working. (4 marks)
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Question 5 (7 marks)
Source: VCE 2019 Physics Exam, Section B, Q.17; © VCAA

 
electrons X-rays

Figure 18

Students are comparing the diffraction patterns produced by electrons and
X-rays, in which the same spacing of bands is observed in the patterns, as
shown schematically in Figure 18. Note that both patterns shown are to the
same scale.

The electron diffraction pattern is produced by 3.0 × 103 eV electrons.
a. Explain why electrons can produce the same spacing of bands in

a diffraction pattern as X-rays. (3 marks)
b. Calculate the frequency of X-rays that would produce the same

spacing of bands in a diffraction pattern as for the electrons.
Show your working. (4 marks)

More exam questions are available in your learnON title.

10.4 Emission and absorption spectra

KEY KNOWLEDGE

• Discuss the importance of the idea of quantisation in the development of knowledge about light and in
explaining the nature of atoms

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

• Interpret spectra and calculate the energy of absorbed or emitted photons: E=hf

• Analyse the emission or absorption of a photon by an atom in terms of a change in the electron energy state

of the atom, with the difference in the states’ energies being equal to the photon energy: E=hf= hc𝜆
Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

10.4.1 Atoms emit photons

spectrometer device used to
disperse light into its spectrum

emission spectra spectra produced
when light is emitted from an
excited gas and passed through
a spectrometer. A spectrum includes
a series of bright lines on a dark
background. The bright lines
correspond to the frequencies of
light emitted by the gas.

If you dip a loop of wire into a solution of common salt (sodium chloride) in water
and then place the loop in the flame of a Bunsen burner, you will observe that the blue
flame is transformed into glorious yellow. Placing a slide with two slits to convert the
light of the flame into a beam and using a prism to disperse this light, and a telescope
to observe, you would be following in the steps of the scientists who developed the
field of spectroscopy. You would have constructed a spectrometer, which would
show spectra produced by the solution of sodium chloride (figure 10.6).

Sodium atoms in the flame produce the spectrum. This is identical to the spectrum
observed when an electric current is passed through a container of sodium gas at low
pressure. Spectrometers were used in the early 1860s to identify two new elements,
rubidium and caesium, from unidentified colours in the spectrum of the vapour of mineral water.

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

The fact that the spectrum of an element is its ‘fingerprint’ makes it possible to detect tiny traces of elements
in complex mixtures. Astronomers use the light emitted by remote stars to identify elements within the stars.
Of more interest here is the contribution that line spectra make to the understanding of both the structure of
matter and the behaviour of light. The key is the distinct line nature of the spectra. Sharp lines have precise
wavelengths. In the photon model for light, it indicates precise and discrete photon energies. Line spectra
indicate that a particular type of atom emits light energy as specific fixed amounts.
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FIGURE 10.6 A simple spectrometer

Prism or
diffraction

grating

Light from
source

Photographic plate

Slit

FIGURE 10.7 a. Sodium vapour street light, b. characteristic colour of sodium flame, c. visible line spectrum of
sodium atoms, and d. visible line spectrum of hydrogen atoms

 

a. b.

c. d.

This behaviour is remarkably different to that of a hot filament and other incandescent light sources, which emit
a continuous spectrum of light and a range of wavelengths, hence energies.

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

Bohr’s model had two main ideas.

quantised cannot be divided or
broken up into smaller parts

1. Each atom has a number of possible stable states, each state having its
own characteristic energy. In each atomic state, the electron is in a stable orbit
around the nucleus. The electron obeys Newton’s laws of mechanics but
does not radiate electromagnetic waves as predicted by Faraday and Maxwell. (This idea of Bohr’s was
radical. Electromagnetic theory predicted that an orbiting electron would radiate electromagnetic radiation
continuously, losing energy and spiralling into the nucleus.) The energy of these states may be imagined as
the rungs on a ladder. The energy of the atom must lie exactly on a rung of the ladder, and never between
rungs. The energy levels are said to be discrete, or quantised. The energy ladder diagram for hydrogen is
shown in figure 10.8a.

FIGURE 10.8 a. Atomic energy level view of the spectral series of hydrogen (visible colours are shown
as coloured arrows), and b. electron orbit view of the spectral series of hydrogen as illustrated in a.
These lines are seen in the spectrum in figure 10.7d.
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Negative energy:

electron bound

in atom

a.

0          

–0.5

–0.9

–1.5

–3.4

–13.6

Energy (eV)

b.

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

534 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



E= hf= hc𝜆
where: E is the energy of the photon produced, in J

h is Planck’s constant

f is the frequency of the photon

c is the speed of light (3.0 × 108 m s−1)𝜆 is the wavelength of the photon, in m

Emission and absorption of photons are illustrated in figures 10.9a and 10.9b respectively. The emission of light
can be represented as Ephoton = hf = Einitial − Efinal, and the absorption of light can be represented as
Ephoton = hf = Efinal − Einitial.

FIGURE 10.9 a. Emission of light b. Absorption of light

Energy

∆E = Einitial – Efinal ∆E = Efinal – Einitial

Photon emitted: hf

Einitial

Efinal

a.

Energy

Photon absorbed: hf
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b.

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

ground state state of an electron
in which it has the least possible
amount of energy

excited state state of an electron
in which it has more energy than
its ground state

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

Let’s examine how this explains the emission spectrum of hydrogen (figure 10.7d). Most hydrogen atoms at
room temperature are in the ground state. In flames or discharge tubes, atoms are raised to excited states by
collisions with other particles. In figure 10.8a, the atom has first been excited into its fourth excited state where it
has an energy of −0.5 eV. This is indicated by the upward arrow on the left-hand side of the diagram. Cascading
transitions to the ground state are then possible, with a photon emitted during each transition, as indicated by the
downward arrows. Some of these downward arrows are shown in black as the emitted photons are not visible
light so are not observed in an emission spectrum. Other photons that are emitted as visible colours are those we
observe in the spectrum. This model of atomic structure neatly accounted for emission spectra.

It is possible to work backwards to construct an energy level diagram for an atom by collecting an emission
spectrum containing many discrete spectral lines and establishing the photon energy associated with each line.
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SAMPLE PROBLEM 6 Calculating emission energies
tlvd-9025

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

n = 1 Ground state

n = 2 First excited state

n = 3 Second excited state

n = 4 Third excited state

–6.4 eV

–4.9 eV

–3.1 eV

–1.4 eV

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

THINK WRITE

1. There are six possible transitions:
• third excited state to ground state

(teal arrow)
• third to first (red arrow)
• third to second (orange arrow)
• second to ground (purple arrow)
• second to first (green arrow)
• first to ground (blue arrow)
The energy of the emitted photon is calculated
by finding the difference between the energies
of the states for each transition. The highest
energy of any photons emitted by this atom
occurs when transitioning from the 3rd excited
state to the ground state.

For the n = 4 to n = 1 transition:
Ephoton = Einitial −Efinal= (−1.4 eV)− (−6.4 eV)= −1.4 eV+ 6.4 eV= 5.0 eV

2. The remaining five possible photon energies
can be calculated in the same way using
Ephoton = Einitial − Efinal.

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

3. Arrange the photon energies in ascending
order.

Arranged in ascending order, the six photon energies
are 1.5  eV, 1.7  eV, 1.8  eV, 3.3  eV, 3.5  eV and 5.0  eV.
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PRACTICE PROBLEM 6

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

n = 1 Ground state

n = 2 First excited state

n = 3 Second excited state

n = 4 Third excited state

0 eV

0.8 eV

2.7 eV

3.9 eV

a. Complete the energy level diagram using arrows to show all the possible transitions.
b. Calculate the highest energy and hence the frequency of a photon emitted by this atom in the n = 4

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

state.

SAMPLE PROBLEM 7 Calculating emission energies and their corresponding
wavelengthstlvd-9026

The energies of states of the hydrogen atom are shown in the following table.

H atom state Energy (eV)

Third excited state n = 4 –0.85

Second excited state n = 3 –1.51

First excited state n = 2 –3.40

Ground state n = 1 –13.61

What is the shortest wavelength of light emitted by hydrogen atoms that were initially excited into the
third excited state?

THINK WRITE

1. Light of the shortest wavelength is emitted
when the photons have the greatest energy
(when the atoms experience the greatest
possible energy change). This will be the
transition to the ground state. You need to
calculate the energy in eV and convert into
joules. Determine the energy of the photon.

For n = 4 to n = 1 transition:
Ephoton = Einitial −Efinal= (−0.85 eV)− (−13.61 eV)= 12.76 eV= 12.76 eV× 1.6× 10−19 J eV−1= 2.0× 10−18 J

2. Determine the wavelength using Planck’s
constant and the calculated energy change for
the photon (in joules).

𝜆photon = hc

Ephoton

= 6.63× 10−34 × 3.0× 108

2.0× 10−18= 9.7× 10−8 m.
This is ultraviolet radiation.
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PRACTICE PROBLEM 7

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

Resources

Video eLesson The production of atomic spectra (eles-3522)

Interactivities Hydrogen emission spectra (int-0755)
Photon emission by atoms (int-0122)

10.4.2 Atoms absorb photons

absorption spectrum spectrum
produced when light passes through
a cool gas. It includes a series of
dark lines that correspond to the
frequencies of light absorbed by the
gas.

continuous spectrum a spectrum
that has no gaps; there are no
frequencies or wavelengths missing
from the spectrum

Atoms also absorb light. They absorb those particular wavelengths they would emit
if the gas was excited. These are the frequencies that correspond to the differences
in energy between the energy levels in the atoms. An absorption spectrum is a
continuous spectrum with a series of dark lines indicating missing frequencies.
Absorption spectra are produced by placing a sample of a gas in front of a continuous
spectrum source, as shown in (figure 10.10).

The atoms making up the gas absorb particular wavelengths, raising electrons within
the atoms into excited states. When the electrons drop back to the ground state,
photons are emitted in all directions. This means that the original beam of light has
very little of those absorbed colours. The continuous spectrum has dark bands. Generally, the dark bands in an
absorption spectrum correspond to the bright lines in an emission spectrum of the same gas if it were hot.

FIGURE 10.10 Absorption spectra are produced by a cool gas absorbing particular wavelengths of light. The
absorption spectrum consists of a series of dark lines corresponding to missing wavelengths.

Absorption spectrum

This light is

deficient in

certain wavelengths.

Incandescent

bulb producing

continuous

spectrum

Cool gas absorbs

certain wavelengths

and re-emits them

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

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

are in the ground state at room temperature — only
1

10171
are not! The spectrum of hydrogen in the Sun is

different. The surface temperature of 6000 K is hot enough for the proportion of atoms in the first excited state

to rise to
1

108
. Not large, but large enough for their absorption spectrum to be detected.

FIGURE 10.11 a. Part of the emission spectrum for hydrogen. The only region of the spectrum shown is that in
which transitions to the ground state appear. b. The absorption spectrum for hydrogen. The transfer of photon
energy to eject an electron is labelled ‘ionisation’. All wavelengths less than the limiting value (i.e., photons
with energy greater than the limiting value) can be absorbed.

Electron
is free.

n = 5
n = 4

n = 3

n = 2

n = 1

Electron
is bound.

b.

Energy 
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Ionisation

Increasing wavelength
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Photon in atom

Electron out
Ek = hf − Eionisation

Electron
is free.

n = 5
n = 4

n = 3

n = 2

n = 1

Electron
is bound.

a.

0

0

Energy 
(eV)

Increasing wavelength

Series of lines in an absorption spectrum converge on a particular wavelength. This wavelength corresponds to
the photon energy equal to the ionisation energy of the electron. All light with shorter wavelengths than this
limit, and therefore greater photon energy, can be absorbed, removing the electron from the atom completely.
This means that all light with wavelengths below the limit may be absorbed. This is an example of the
photoelectric effect where a minimum photon energy must be reached before electrons will be ejected.

INVESTIGATION 10.1
elog-1756

tlvd-10608

Spectroscopes

Aim

To use a spectroscope to observe the spectrum of a light source
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10.4 Activities
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10.4 Quick quiz 10.4 Exercise 10.4 Exam questions

10.4 Exercise

1. How is the reddish glow of light from a dying fire different from the reddish glow of a neon discharge tube?
2. Explain why spectral lines in the emission spectrum of an element correspond to absorption lines in an

absorption spectrum for the same element.
3. A beam of red and green light appears yellow. Devise an experiment to decide whether a beam of light that

appeared yellow was in fact spectral yellow light or a mixture of red and green light.
4. There are two common ways of depicting the energy levels of an atom. In method 1, the ground state is taken

to be zero energy. In method 2, the ionisation energy is taken to be zero. The first excited state of mercury
atoms is known to be 4.9 eV above the ground state, the second excited state is 6.7 eV, the third excited state
is 8.8 eV, and the ionisation energy is 10.4 eV above the ground state. Using method 2, where the ionisation
energy is taken as 0 eV, give the energies of the ground state and the first three excited states.
Note: Your values will be negative numbers. Draw the energy level diagram to show your working.

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

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

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

6. Complete the following table.

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

Red light 3.14 × 10−19

Electron 1.96

Blue light 405

Electron 405

7. The ground state and the first three excited states of hydrogen are shown
in the diagram. An emission spectrum of hydrogen gas shows many
different spectral lines.
a. Copy the diagram and label the ground state and first three excited

states.
b. Draw arrows to represent all six possible transitions that may occur

when hydrogen atoms in states lower than the fourth excited state emit
a photon of light.

c. Calculate the energy of each of the six possible photons.
d. Determine the wavelength of the photon having the least and greatest

energy in your answer to part c.

Energy

(eV)

12.8

12.1

10.2

0
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8. Explain why there are dark lines in an absorption spectrum of a gaseous sample. Why are those particular
colours missing from the otherwise continuous spectrum of light?

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

Energy

(eV)

0

–0.77

–1.37

–3.01

–5.12

Ionisation

n = 4

n = 3

n = 2

n = 1

a. Copy the diagram and label the ground state of the atom, and the first excited state.
b. Draw arrows to represent the change in energy of atoms in the ground state that absorb energy during

collisions with other particles in the flame.
c. Calculate the wavelength of light emitted by these atoms as they return to the ground state in a single jump.

Which energy change is responsible for the yellow glow?

10.4 Exam questions

Question 1 (2 marks)
Source: VCE 2022 Physics Exam, Section B, Q.15; © VCAA

Figure 17 shows some of the energy levels of excited neon atoms. These energy levels are not drawn to scale.

 

21.74

20.65

20.02

19.80

13.50

0

Figure 17

energy (eV)

a. Show that the energy transition required for an emitted photon of wavelength 640 nm is 1.94 eV. (1 mark)
b. On Figure 17, draw an arrow to show the transition that would emit the photon described in part a. (1 mark)
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Question 2 (3 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.17; © VCAA

Describe how absorption line spectra are produced and describe their relationship to electron transitions within
atoms.

Question 3 (2 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.19a; © VCAA

Figure 14 shows the energy levels of a sodium atom.

 

energy

3.75 eV
3.61 eV

3.19 eV

2.11 eV

0 eV

Figure 14

n = 5
n = 4

n = 3

n = 2

ground state n = 1

ionisation energy

many levels

A sodium atom is initially in the n = 4 excited state.

Calculate the highest frequency of light that the sodium atom in this excited state could emit.

Question 4 (4 marks)
Source: Adapted from VCE 2021 Physics Exam, Section B, Q.19; © VCAA

A simplified diagram of some of the energy levels of an atom is shown in Figure 16.

9.8 eV

8.9 eV

6.7 eV

4.9 eV

0 eV

Figure 16

a. Identify the transition on the energy level diagram that would result in the emission of a 565-nm photon.
Show your working. (2 marks)

b. A sample of the atoms is excited into the 9.8-eV state and a line spectrum is observed as the states decay.
Assume that all possible transitions occur.

What is the total number of lines in the spectrum? Explain your answer. You may use Figure 16 to support
your answer. (2 marks)
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Question 5 (5 marks)
Source: VCE 2020 Physics Exam, Section B, Q.17; © VCAA

Figure 17 shows the emission spectrum for helium gas.

 

668 588 471 447 403

502 492

400500600

wavelength (nm)

Figure 17 

700

a. Which spectral line indicates the photon with the lowest energy? (1 mark)
b. Calculate the frequency of the photon emitted at the 588-nm line. Show your working. (2 marks)
c. Explain why only certain wavelengths and, therefore, certain energies are present in the

helium spectrum. (2 marks)

More exam questions are available in your learnON title.

10.5 Electrons, atoms and standing waves

KEY KNOWLEDGE

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

• Interpret the single photon and the electron double slit experiment as evidence for the dual nature of light
and matter

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

10.5.1 Electrons modelled as standing waves
Individual electrons act like waves when they are diffracted by atoms in crystals. Do electrons in the atoms also
exhibit wavelike properties? They do! Thinking of electrons behaving like waves solved the puzzle of stationary
states. This wave model for electrons that are bound within atoms neatly explains why atoms absorb and emit
photons of only particular frequencies. This provided the answers to Rutherford’s questioning of the Bohr model
of the atom. In essence, only waves whose de Broglie wavelength multiplied by an integer (n𝜆) set equal to
the circumference of a traditional electron orbit are allowed to exist due to these waves being the only ones
able to constructively interfere to produce a standing wave. In 1924 de Broglie speculated about the electron
in a hydrogen atom displaying wavelike behaviour. A complete description of the hydrogen atom awaited a
more sophisticated mathematical treatment called quantum mechanics. The fundamentals of this model were
developed by Erwin Schrödinger and Werner Heisenberg later in the 1920s.

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

orbit. Thus, n𝜆= 2𝜋r or 𝜆= 2𝜋r
n

fixes the allowed wavelength. An electron-wave whose wavelength was

slightly longer, or shorter, would not join onto itself smoothly. It would quickly collapse due to destructive
interference. Only orbits corresponding to standing waves would survive. This is shown in figures 10.12 and
10.13. The concept is identical to the formation of standing waves on stringed instruments.
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FIGURE 10.12 A model of the atom showing the electron as a standing wave

a. b.

Circumference =

2 wavelengths

n = 2

(first excited state)

Unless a whole number of wavelengths

fit into the circular hoop, destructive

interference occurs and causes the

vibrations to die out rapidly.

Circumference =

4 wavelengths

n = 4

(third excited state)

Circumference =

9 wavelengths

n = 9

(eighth excited state)

FIGURE 10.13 A copy of physicist Paul G. Hewitt’s illustration of the relation between the circumferences of an
electron’s orbits and wavelength

n = 1

The circumferences of electron

orbits from n = 1 to n = 4

shown ‘straightened out’

n = 2

n = 3

n = 4

The standing waves produced on a stringed instrument of length l have a series of possible wavelengths𝜆n= 2l

n
where n is a positive integer. This series of wavelengths is called a harmonic series. At this level of

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

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

Electrons viewed as standing waves can exist only in stable orbits with precise or discrete wavelengths. This
implies that the electrons can only have discrete quantities of momentum. This in turn implies that the electrons
can only have discrete amounts of energy. Energy transitions that are made by electrons occur in jumps from
one high-energy standing wave to another standing wave of lower energy. In this way, the emission spectra and,
hence, absorption spectra can be understood as arising from transitions between quantised energy levels due to
electrons having a wavelike character.
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wave–particle duality description
of light as having characteristics
of both waves and particles. This
duality means that neither the
wave model nor the particle model
adequately explains the properties
of light on its own.

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

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

10.5.2 Single photons exhibit wave properties
It is now known that both light and matter can exhibit both wavelike and particle-like behaviour, depending on
the types of experiments performed. For example, when light strikes a material object, it transfers energy as
if it is a particle (the photoelectric effect), but when light passes through a narrow opening or a pair of slits, it
acts as if it is a wave. Likewise, matter can have work done on it via well-understood forces accelerating it, but
matter can also be diffracted when it passes through a crystal, producing diffraction patterns similar to those of
X-rays. Also, the behaviour of electrons within atoms can only be understood by treating them as a type of wave
phenomena.

The dual nature of light and matter

• Young’s experiment (topic 8) supports the wave model of light.
• The photoelectric effect (topic 9) is evidence in support of the particle model of light.
• Electron diffraction is evidence in support of the wave nature of matter.
• The particle properties of matter are well documented.
• Light and matter both have a wave–particle dual nature.

EXTENSION: The Bohr radius and distances between protons and electrons

A hydrogen electron in a stable or stationary state does not move in a circular, or even an elliptical, orbit around
the proton — its distance from the proton changes continuously.

In fact the words ‘circular’, ‘elliptical’ and ‘distance’ become inappropriate when an electron is considered not
as a particle but as some type of wave phenomenon. To understand and account for emission and absorption
spectra, it is better to think of an electron as having no specific location or path; instead, there is only a
probability of locating it at various positions. This unpredictability is ultimately related to Heisenberg’s uncertainty
principle, which asserts that it is not possible to precisely measure both the location and the motion of any object
at the same time. This realisation is the cornerstone of contemporary physics and the foundation of quantum
mechanics.

The most probable distance from proton to electron is 5.29 × 10−11m, corresponding to the peak in the
probability density curve.

This distance is called the Bohr radius and is often quoted as the ‘radius’ of the hydrogen atom. It can be
useful to think of the hydrogen atom as having a spherical cloud of negative charge surrounding the proton,
representing the unpredictable motion of the electron. The diminishing density of the cloud at large distances
from the proton indicates that the electron is less likely to be there.
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While the proton–electron distance is not fixed or predictable for a particular state of the atom, the total energy of
the atom is predictable. As the electron weaves its intricate path around the proton, its kinetic energy changes,
being greater when the electron is closer to the nucleus. However, the total energy does not change. There is a
transformation between the kinetic energy and electric potential energy. Electric potential energy increases as
kinetic energy decreases, and vice versa, keeping the total energy constant.

FIGURE 10.14 a. The probability of finding an electron a certain distance from the nucleus, and b. the cloud
picture of a hydrogen atom
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EXTENSION: Taylor’s experiment — exploring the duality of waves and particles

A beam of light isn’t required to observe wave effects — every single photon has wave properties. Geoffrey Taylor
set out to demonstrate this in 1909, while he was a student at the University of Cambridge. Taylor photographed
the diffraction pattern in the shadow of a needle, but his photograph took three months of light exposure
to produce. He used an extremely dim source, a gas flame, together with several smoked glass screens, to
illuminate the entrance slit of a light-tight box. Taylor measured the light intensity entering the box, and estimated
that only 106 photons entered the box each second. This may not sound like a low intensity, but with a photon
speed of 3.0 × 108 m s−1, the average distance between photons was 300 m!

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

Taylor’s experiment invites one to imagine watching an interference pattern build up on the photographic plate.
The first few photons would produce an apparently random sprinkling of spots, each spot due to a single photon
changing the chemical state of an ion in the photographic film. As the spots accumulated, they would start to
overlap and, gradually, a pattern would emerge from the randomness. During this process, you would never be
able to predict precisely where the next photon would strike the plate. The pattern predicted by the wave nature
of the light would allow only the prediction of the probability of a photon reaching a particular point. This pattern
of probabilities would be clear only after many photons had made their mark.
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FIGURE 10.15 Taylor’s experiment
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FIGURE 10.16 Imagine the gradual build-up of photon spots into a double-slit interference pattern.

a. b. c. d.

Taylor’s experiment is a beautiful demonstration of wave–particle duality. The wave and particle characteristics
of light are entangled and cannot be separated. Both models are needed. In fact, even when light is travelling
particle by particle, its wave characteristics are there at the same time, determining the outcome.

coherent describes light in which
all photons are emitted in phase,
leading to intense light

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

Resources

Video eLesson The wave–particle duality of light (eles-0028)

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

1. a. Describe the classical model of a hydrogen atom with reference to the electron and proton.
b. Explain in what way this model predicts that atoms are not stable.

2. In the Bohr model for a hydrogen atom, describe how the stability of the atom is explained.
3. In the Bohr model for a hydrogen atom, how is the emission and absorption of photons explained?

10.5 Exam questions

Question 1 (2 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.19b; © VCAA

Figure 14 shows the energy levels of a sodium atom.

 

energy

3.75 eV
3.61 eV

3.19 eV

2.11 eV

0 eV

Figure 14

n = 5
n = 4

n = 3

n = 2

ground state n = 1

ionisation energy

many levels

Figure 14 shows some specific energy levels that electrons in a sodium atom can occupy.

Describe how the wave nature of electrons explains the existence of the energy levels shown in Figure 14.

Question 2 (4 marks)
Source: VCE 2017 Physics Exam, Section B, Q.19; © VCAA

Roger and Mary are discussing diffraction.

Mary says electrons produce a diffraction pattern.

Roger says this is impossible as diffraction is a wave phenomenon and electrons are particles; diffraction can
only be observed with waves, as with electromagnetic waves, such as light and X-rays.

Evaluate Mary’s and Roger’s statements in light of the current understanding of light and matter. Describe two
experiments that show the difference between Mary’s and Roger’s views.
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Question 3 (4 marks)
Source: VCE 2017 Physics Exam, NHT, Section A, Q.21; © VCAA

De Broglie suggested that the quantised energy states of atoms could be explained in terms of electrons forming
standing waves.

Describe how the concept of standing waves can help explain the quantised energy states of an atom. You
should include a diagram.

Question 4 (5 marks)
Source: VCE 2015 Physics Exam, Section A, Q.21; © VCAA

a. Use the model of quantised states of the atom to explain why only certain energy levels are
allowed. (3 marks)

b. Illustrate your answer with an appropriate diagram. (2 marks)

Question 5 (2 marks)

The following two diagrams illustrate models of the hydrogen atom.

n = 4 (3rd excited state)

proton

Classical particle model of electron in

orbit about a proton

De Broglie wave model of electron in

orbit about a proton

Electron

+ +–

a. b.

The first model is a satellite model where an electron is envisaged as a particle in a stable circular orbit about
the nucleus. The second model depicts an electron in the third excited state as a standing wave on the
circumference of a circle. Discuss the reason why the first model fails to predict atomic behaviour whereas
the second model is consistent with the observation of discrete emission spectra.

More exam questions are available in your learnON title.
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10.6.2 Key ideas summary

10.6.3 Key terms glossary
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10.6 Review questions
1. Consider both an electron and a photon. The photon has a frequency of 5.2 × 1014 Hz and the electron has

a velocity of 2.8 × 106 m s−1.

a. Calculate the wavelength of the photon and the de Broglie wavelength of the electron. Which has the
greater value?

b. Determine which has the greater momentum, the photon or the electron.
c. Calculate and compare the kinetic energy of the photon and the electron.

2. A photon and an electron both have the same energy, namely 3.0 eV (4.8 × 10−19 J).

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

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

and the electron? What happens to their respective wavelengths?

3. For what important piece of evidence does the diffraction of electrons provide?

4. Explain the difference between an emission and absorption spectrum as it relates to a gas of identical atoms.

5. A beam of electrons accelerated by an electron gun is required for studying the structure of a new molecule.
The de Broglie wavelength required is 1.0 × 10−11 m. Calculate the voltage required to accelerate the
electrons so they have the required de Broglie wavelength.
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6. The following figure is a partial energy level diagram for a hydrogen atom showing the ground state and the
first three excited states.

Energy (eV)

12.8

12.1

10.2

0

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

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

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

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

ii. Determine the frequency and wavelength of this photon.
b. Determine the wavelength of the photon absorbed by this gas

when an electron undergoes a transition from the state n = 1
to the state n = 4.

Energy (eV)

–10.4

–5.5

–3.7

–1.6

0

n = 2

n = 3

n = 4

n = 1

8. In laboratory experiments, the absorption spectrum contains fewer dark lines than the emission spectrum
containing bright coloured lines when a gas of the same atoms is used. Explain.

9. What important feature does Taylor’s experiment tell us about the dual nature of light?

552 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



10.6 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 2022 Physics Exam, NHT, Section A, Q.17; © VCAA

Some of the energy levels of the hydrogen atom are shown in the diagram below. A hydrogen atom has been
excited to the 12.8-eV energy level. It returns to the ground state via the three transitions shown.

12.8 eV

12.1 eV

10.2 eV

0 eV

Which of the following indicates the energies of the emitted photons?

0.7 eV, 2.6 eV, 10.2 eVA. 0.7 eV, 1.9 eV, 10.2 eVB.

1.9 eV, 2.6 eV, 10.2 eVC. 10.2 eV, 12.1 eV, 12.8 eVD.

Question 2

Source: VCE 2022 Physics Exam, NHT, Section A, Q.19; © VCAA

Diffraction is a property of waves. Electrons display wave-like properties when producing diffraction patterns.

This is because electrons

A. always carry an electric charge.

B. can move around nuclei in fixed orbits.

C. have a wavelength related to their momentum.

D. can jump between energy levels within an atom.

Question 3

Source: VCE 2019 Physics Exam, NHT, Section A, Q.19; © VCAA

Part of the energy-level diagram for an unknown atom is shown.

Which one of the arrows shows a change of energy level
corresponding to the absorption of a photon of highest
frequency?

A. A

B. B

C. C

D. D

n = 5

n = 4

n = 3

n = 2

n = 1 ground state
DCBA
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Question 4

Source: Adapted from VCE 2019 Physics Exam, Section A, Q.14; © VCAA

Electrons of mass 9.1×10-31 kg are accelerated in an electron gun to a speed of 4.2 × 107 m s−1.

The best estimate of the de Broglie wavelength of these electrons is

1.1×10−12 mA. 1.7×10−11 mB. 1.7×10−8 mC. 1.1×10−6 mD.

Question 5

Source: Adapted from VCE 2018 Physics Exam, NHT, Section B, Q.12; © VCAA

Figure 12 shows the energy level diagram for the hydrogen atom.

Figure 12

0

n = 2

n = 3

n = 4

n = 5

n = 6

ionisation energy

n = 1 ground state

10.2

12.1

12.8

13.1

13.2

13.6

energy (eV)

Which of the following indicates the emission energies from the n = 4 state?

A. 12.8 eV, 12.1 eV, 10.2 eV

B. 12.1 eV, 10.2 eV, and 1.9 eV

C. 12.8 eV, 12.1 eV, 10.2 eV, 2.6 eV, 1.9 eV, and 0.7 eV

D. 13.1 eV 12.8 eV, 12.1 eV, 10.2 eV, 2.6 eV, 1.9 eV, 0.7 eV and 0.3 eV

Question 6

Source: VCE 2019 Physics Exam, Section A, Q.15; © VCAA

Electrons pass through a fine metal grid, forming a diffraction pattern.

If the speed of the electrons was doubled using the same metal grid, what would be the effect on the fringe
spacing?

A. The fringe spacing would increase.

B. The fringe spacing would decrease.

C. The fringe spacing would not change.

D. The fringe spacing cannot be determined from the information given.
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Question 7

Source: VCE 2020 Physics Exam, Section A, Q.17; © VCAA

The diagram shows some of the energy levels for the electrons within an
atom. The arrows labelled A, B, C and D indicate transitions between
the energy levels and their lengths indicate the relative size of the
energy change.

Which transition results in the emission of a photon with the most energy?

A. A

B. B

C. C

D. D  

n = 4

n = 3

n = 2

n = 1

A B C D

Question 8

Source: VCE 2021 Physics Exam, Section A, Q.19; © VCAA

The diagram below shows one representation of a de Broglie standing wave for an electron in orbit around a
hydrogen atom.

Which one of the following values of n, the number of whole wavelengths, best depicts the de Broglie standing
wave pattern shown in the diagram?

2A. 3B. 4C. 6D.

Question 9

Source: VCE 2020 Physics Exam, Section A, Q.18; © VCAA

Quantised energy levels within atoms can best be explained by

A. electrons behaving as individual particles with different energies.

B. electrons behaving as waves, with each energy level representing a diffraction pattern.

C. protons behaving as waves, with only standing waves at particular wavelengths allowed.

D. electrons behaving as waves, with only standing waves at particular wavelengths allowed.

Question 10

Source: VCE 2017 Physics Exam, Section A, Q.17; © VCAA

Quantised energy levels within atoms can best be explained by

A. electrons behaving as individual particles with varying energies.

B. atoms having specific energy requirements that can only be satisfied by electrons.

C. electrons behaving as waves, with each energy level representing a diffraction pattern.

D. electrons behaving as waves, with only standing waves at particular wavelengths allowed.
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Section B — Short answer questions

Question 11 (6 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.16; © VCAA

X-rays of wavelength 2.0 nm are emitted from an X-ray source.

a. Calculate the energy of one photon of these X-rays. Show your working. (3 marks)

b. The 2.0-nm X-rays are incident on a single narrow slit of width 5 × 10−8 m. Would a diffraction pattern be
observed? Justify your answer. (3 marks)

Question 12 (5 marks)

Source: VCE 2018 Physics Exam, Section B, Q.18; © VCAA

The diffraction patterns for X-rays and electrons through thin polycrystalline
aluminium foil have been combined in the diagram in Figure 18, which shows
an electron diffraction pattern on the left and an X-ray diffraction pattern on
the right. The images are to the same scale.

The X-rays have a photon energy of 8000 eV.

a. Calculate the wavelength of the electrons in nanometres. Show your
working. (2 marks)

b. Calculate the kinetic energy of the electrons in joules. Show your
working. (3 marks)

X-rayselectrons

Figure 18

Question 13 (4 marks)

Source: Adapted from VCE 2018 Physics Exam, Section B, Q.19; © VCAA

Figure 19 shows the spectrum of light emitted from a hydrogen vapour lamp.

The spectral line, indicated by the arrow on Figure 19, is in the visible region of the spectrum.

750 700 650 600

nanometres (nm)

Figure 19

550 500 450 400

a. The following list gives the four visible colours that are emitted by the hydrogen atom.
Select the colour that corresponds to the spectral line indicated by the arrow on Figure 19. (1 mark)

A. violet

B. blue-violet

C. blue-green

D. red

b. Explain why the visible spectrum of light emitted from a hydrogen vapour lamp gives discrete spectral lines,
as shown in Figure 19. (3 marks)
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Question 14 (6 marks)

Source: VCE 2019 Physics Exam, NHT, Section B, Q.11; © VCAA

Kym and Roger conduct an experiment to observe an electron diffraction pattern. 5000-eV electrons are projected
through a diffracting grid and the resulting pattern is observed on a screen.

Kym and Roger want to calculate the wavelength of X-rays that would produce a similarly spaced diffraction
pattern.

Kym says that they will need X-rays of 5000 eV.

Roger says that X-rays of a different energy will be needed.

a. Explain why Roger is correct. (2 marks)

b. Showing each of the steps involved in your working, calculate the energy of X-rays that would be required to
produce the similarly spaced diffraction pattern. (4 marks)

Question 15 (5 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.17; © VCAA

Light from a mercury vapour lamp shows a line spectrum related to discrete energy levels. Some of the energy
levels for the mercury atom are shown in Figure 20.

Figure 20

energy (eV)
4.9

6.7 n = 3

n = 4

n = 2

ground state n = 1

8.8

10.4
ionisation

a. Draw an arrow on Figure 20 to indicate the transition between the listed energy states that would produce the
lowest frequency of an emitted photon. (1 mark)

b. Calculate the energy of the light emitted when the mercury atom makes a transition from the third energy level
(n = 3) to its ground state (n = 1). Show your working. (2 marks)

c. Explain what happens to a mercury atom in its ground state if a photon of energy 2.1 eV is incident
on it. (2 marks)
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AREA OF STUDY 1 HOW HAS UNDERSTANDING ABOUT THE PHYSICAL WORLD CHANGED?

11
Einstein’s special theory of relativity
and the relationship between
energy and mass

KEY KNOWLEDGE

In this topic, you will:
• describe the limitation of classical mechanics when considering motion approaching the

speed of light
• describe Einstein’s two postulates for his special theory of relativity that:

• the laws of physics are the same in all inertial (non-accelerated) frames of reference
• the speed of light has a constant value for all observers regardless of their motion or the

motion of the source
• interpret the null result of the Michelson-Morley experiment as evidence in support of

Einstein’s special theory of relativity
• compare Einstein’s special theory of relativity with the principles of classical physics
• describe proper time (t0 ) as the time interval between two events in a reference frame where

the two events occur at the same point in space
• describe proper length (L0 ) as the length that is measured in the frame of reference in which

objects are at rest

• model mathematically time dilation and length contraction at speeds approaching c using

the equations: t=𝛾t0 and L= L0𝛾 where 𝛾= 1
√

(

1− v
2

c
2

)

• explain and analyse examples of special relativity including that:
• muons can reach Earth even though their half-lives would suggest that they should decay

in the upper atmosphere
• particle accelerator lengths must be designed to take the effects of special relativity into

account
• time signals from GPS satellites must be corrected for the effects of special relativity due

to their orbital velocity
• interpret Einstein’s prediction by showing that the total ‘mass-energy’ of an object is given

by:
Etot = Ek + E0 = 𝛾mc2 where E0 = mc2, and where kinetic energy can be calculated by:
Ek = (𝛾 – 1)mc2

• apply the energy-mass relationship to mass conversion in the Sun, to positron-electron
annihilation and to nuclear transformations in particle accelerators (details of the particular
nuclear processes are not required).

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

EXAM PREPARATION
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11.1.1 Introduction
Newton’s laws of motion revolutionised humanity’s understanding of the movement of bodies, gravity and
motion. For almost 200 years, they remained unchallenged as some of the most elegant theories the world had
ever seen. However, over the course of the nineteenth and twentieth centuries, scientists’ understanding of
concepts not fully explained by Newton’s laws, such as electromagnetism, improved.

FIGURE 11.1 The velocity of a yacht
can be measured relative to wind, land,
water or other yachts, and all of these
measurements can be different.

Albert Einstein built on the work of many scientists before him
and used ‘thought experiments’ to show that space and time are
not absolute but relative to the physical environment. This caused
a complete revision of our understanding of time, space and
energy. Einstein showed that time intervals and distances between
points were not the same for all observers. This led to acceptance
that mass is a type of energy.

Einstein was named Time magazine’s ‘Person of the Century’ in
1999. Not only was he a great humanitarian, having fought for the
rights of Jewish and Arab people (after he escaped Nazi Germany)
and for the rights of African Americans, but his work on relativity
changed the way scientists understand the universe. This topic will
introduce you to modern physics and an even better understanding
of the workings of the universe.
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11.1 Overview .............................................................................................................................................................................................560
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11.2 Einstein’s special theory of relativity

KEY KNOWLEDGE

• Describe the limitation of classical mechanics when considering motion approaching the speed of light
• Describe Einstein’s two postulates for his special theory of relativity, which state that

• the laws of physics are the same in all inertial (non-accelerated) frames of reference
• the speed of light has a constant value for all observers regardless of their motion or the motion of

the source.
• Compare Einstein’s special theory of relativity with the principles of classical physics.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

11.2.1 What is relativity?

FIGURE 11.2 Albert Einstein
(1879–1955)

Newton’s laws held that all observers, regardless of their location and the
nature of their motion, were the same in terms of what they observed in the
world around them. However, today it is understood that the measurement of
the speed of an object depends on the relative motion of the observer. So do
the measurements of the object’s time, kinetic energy, length and mass; that
is, these properties are relative rather than fixed. Albert Einstein discovered
that some of the physical properties that people assumed to be fixed for all
observers actually depend on the observers’ motions. But not everything
is relative. The laws of physics and the speed of light are the same for all
observers. Major developments in physics have come about at times when
physicists such as Galileo and Einstein developed a clearer understanding of
what is relative and what is not.

Albert Einstein (1879–1955) is one of the most famous figures in history,
largely due to his work on relativity. Einstein did not invent the idea of
relativity — it dates back to Galileo — but he brought it into line with
nineteenth-century developments in the understanding of light and electricity,
leading to some striking changes in how physicists viewed the world. In this
topic, you will look at the first revolution in relativity, then explore some of
the ideas of Einstein’s special theory of relativity.

At this point, it is worth noting that classical kinematics and dynamics will give very accurate predictions
for all situations where the speed of an observer relative to another is less than 10% of the speed of light.
It is only when dealing with speeds greater than this that it is necessary to use Einstein’s model rather than
Newton’s model, to obtain more accurate calculations. In Newton’s model, time intervals between two events
and distances between two points are assumed to be the same (i.e. invariant) for all observers regardless of their
relative motion, but not so in Einstein’s model. This difference comes about because the speed of light is the
same for all observers. Moving towards a light source does not make the speed of light greater, and moving away
from a light source does not make the speed of light less. This goes against what common sense tells us. Let’s
start with a theoretical scenario to help distinguish between Newton’s (and Galileo’s) and Einstein’s models
for motion.

There is no rest

relative in relation to something
else, dependent on the observer

Consider a motionless police officer pointing her radar gun at an approaching sports car (figure 11.3). She
measures the sports car’s speed to be 90 km h−1. This agrees with the speed measured by the sports car’s
speedometer. However, another police car drives towards the sports car in the
opposite direction at 60 km h−1. A speed radar is also operating in this car, and it
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measures the speed of the sports car to be 150 km h−1. So each police officer has a different measurement for
the speed of the sports car. Which measurement is correct? The answer is that they are both correct — the speed
measured for the car is measured relative to the velocity of the observer.

FIGURE 11.3 Two different measurements of the speed of a car

150 km h−1 90 km h−1

90 km h−160 km h−1

absolute independent of frame of
reference, permanent

The sports car is approaching the oncoming police car at the same rate as if the police
car was parked and the sports car had a reading of 150 km h−1 on its speedometer.
The speed of the car is relative to the observer, rather than being an absolute quantity
agreed on by all observers.

Newton’s First Law of Motion states that an object will remain at rest or in uniform motion in a straight
line unless acted on by an unbalanced net force. The speed itself does not matter. In the example shown in
figure 11.3, despite the difference in the detected speed, this law works for both of the police officers, as do the
other laws of motion.

FIGURE 11.4 A speed limit is the maximum
allowed speed relative to the road.

FIGURE 11.5 The radar gun would measure a different
speed if it was in a moving vehicle.

The significance of relative speed becomes all too clear in head-on collisions. For example, you might be driving
at only 60 km h–1, but if you collide head-on with someone doing the same speed in the opposite direction, the
impact occurs for both cars at 120 km h–1; if one car was stationary, the impact would occur at 60 km h–1

for both.
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FIGURE 11.6 Galileo Galilei (1564–
1642), from a nineteenth-century
engraving

The Italian scientist Galileo Galilei (1564–1642) used sailing ships and
cannon balls as examples when considering relative motion, but the
physics ideas were the same. In Galileo’s time, much of physics was
still based on ancient ideas recorded by the Greek philosopher Aristotle
(384–322 BC). Aristotle taught that Earth was stationary in the centre
of the universe. Motion relative to the centre of Earth was a basis for
Aristotelian physics, so a form of relativity was key to physics even
before Galileo. But Galileo had to establish a new understanding of
relativity before it became widely accepted that Earth moved around
the Sun.

Galileo’s insight helped provide the platform for physics as it is known
today, but the idea of a fixed frame of reference persisted. Following
on from Galileo, Isaac Newton considered the centre of mass of the
solar system to be at absolute rest. James Clerk Maxwell (1831–1879),
who put forward the theory of electromagnetism, regarded the medium
(luminiferous aether) for electromagnetic waves (light) to be at rest. It
was Einstein who let go of the concept of absolute rest, declaring that it
was impossible to detect a place at absolute rest and therefore the idea
had no consequence. Once again, ideas about relativity were updated to take into account the latest discoveries
and enable physics to make enormous leaps of progress.

The measured speed (velocity) of bodies in motion is truly relative to whoever is measuring it. You will return to
Einstein’s advances shortly, but it’s now time to look at some more examples from Galilean relativity.

FIGURE 11.7 What should speed be measured relative to?

Aristotle had

Earth at rest.

Galileo had the

Sun at rest.

Maxwell had the aether

at rest.

Einstein said it was

impossible to tell if

something was truly

at rest.

Galileo and the principle of relativity
Consider the driver of the sports car discussed earlier. His position relative to features of the landscape he drives
through is continuously changing, but inside the car he has the same position relative to the car, the size of the
force due to gravity on him is unchanged, and his mass and height have the same measured value as when he
was stationary. Everything inside the car behaves just as if it was at rest. On a smooth road at constant speed, his
passenger could pour a drink without difficulty. The effect of the bumps in the road would be indistinguishable
from a situation in which the car was stationary and someone outside was rocking it. The driver would not
experience any difference driving at a constant velocity of 150 kmh−1 compared to if he was driving at a
constant velocity of 90 km h–1.
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Nothing inside a vehicle moving with constant velocity can be affected by the magnitude of the velocity. If
it was, the following question would need to be asked: which velocity? If a velocity of 90 km h–1 caused a
passenger to have a mass of 50 kg, but a velocity of 150 km h–1 caused the passenger to have a mass of 60 kg,
a problem would exist.

This is known as Galilean relativity. Galilean relativity states that the laws of physics do not depend on the
velocity of the observer. Galileo played a major role in the development of relativity, and Newton’s laws of
motion are fully consistent with it. Another way of describing relativity is that there is no way that anyone in
the car can measure its velocity without making reference to something external to the car. The sports car driver
can measure his speed relative to the two police officers mentioned earlier. He would measure that he is moving
relative to each of them at different speeds, but he would not feel any difference. As long as the road is straight
and smooth and the car is travelling at a constant speed, there is no way to detect that the car is moving at all! He
could be stationary while one police car is approaching him at 90 km h−1 and the other at 150 km h−1.

FIGURE 11.8 How can the vehicle that is actually speeding be identified?

0 km h−1 120 km h−1

You are

speeding!

No,

you are!

Even on an aeroplane travelling smoothly at 700 km h−1, travellers feel essentially the same as they do at rest:
the laws of physics are the same. You can walk down the aisle and drop a pencil and notice it fall vertically to
the floor just as it would if you were in a motionless plane.

By introducing the principle of relativity, Galileo provided the necessary framework for important developments
in physics. Physics builds on the premise that the universe follows some order that can be expressed as a set of
physical laws. The Aristotelian ideas that were held at the time of Galileo suggested that a force is necessary to
keep objects moving. This led to one of the major arguments against Earth’s motion around the Sun: everyone
would be hurled off Earth’s surface as it hurtled through space, and the Moon would be left behind rather than
remaining in orbit around Earth. Galileo’s physics, including the principle of relativity, helped to explain why
this argument was wrong. Forces are not required to keep objects moving, only to change their motion.

The science of Galileo and Newton was spectacularly successful: it explained the motion of everything from
cannon balls to planets. Later, however, as observations and new theories of physics developed in the nineteenth
century, physicists faced the challenge of how to make everything fit together. It was not until the early twentieth
century that Einstein found a way to make sense of it all.
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Examples of Galilean relativity
Here are some examples that support the Galilean principle of relativity:
1. If you are in a car stopped at the lights and another car next to yours slowly rolls past, it is difficult to tell

whether you or the other car is moving if nothing but the other car is in view.
2. In IMAX and similar films, viewers can feel as

though they are going on a thrilling ride, even though
they are actually sitting on a fixed seat in a cinema.
Theme parks enhance this effect in virtual reality
rides by jolting the chairs in a way that mimics
movements you would feel on a real ride. Virtual
reality rides are very convincing because what you
see and feel corresponds with an expected movement,
and your senses do not tell you otherwise. As long as
the jolts correspond with the visual effects, there is no
way of telling the difference. The motion or lack of
motion of the seat is irrelevant.

FIGURE 11.9 A virtual reality ride

3. Acceleration does not depend on the velocity of the observer. Astronauts in free fall feel weightless,
regardless of the magnitude of their velocity. They move along with the same velocity as their spacecraft,
as Newton’s first law would suggest. When the spacecraft accelerates due to the force of its rocket engines,
the force on the person by the rocket is in the forward direction and the effect of the acceleration on the
astronaut is noticeable.

4. When you are riding in a car with the window down, most of the wind you feel on your face is due to
the motion of the car through the air. It is present even on a still day. Whenever you drive at greater than
60 kmh−1, your windscreen is saving you from gale-force winds! Similarly, it is always windy on moving
boats. This is because on deck you are not as well protected from the apparent wind as you are in a car.

5. Apparent wind becomes especially significant when sailing, as seen in figure 11.10. As the boat increases
its speed, the sailor notices that he is heading more into the wind, even though neither he nor the wind has
changed direction relative to the shore. This leads the sailor to change the sail setting to suit the new wind
direction.

FIGURE 11.10 The faster the boat moves, the more the wind appears to blow from in front.
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Apparent wind velocity is the difference 

between the wind velocity and the velocity 

of the boat.
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SAMPLE PROBLEM 1 Comparing the velocity of cars during collisions
tlvd-9027

Determine the relative velocity in each of the three scenarios and compare each scenario in terms of
velocity.
1. A car travelling down the highway at 80 kmh−1 collides with a stationary car.
2. A car travelling down the highway at 100 kmh−1 collides with a car travelling at 20 kmh−1 in the

same direction.
3. A car travelling down the highway at 100 kmh−1 collides with a car travelling at 20 kmh−1 in the

opposite direction.

THINK WRITE

1. To determine the relative velocity, you need to
consider that the velocity of the first car (car A)
relative to the second car (car B) is shown using
the formula

vA relative to B= vA− vB
and that the direction of movement is positive.

Scenario 1
vA− vB= 80− 0= 80 kmh−1

Scenario 2
vA− vB= 100− 20= 80 kmh−1

Scenario 3
vA− vB= 100− (−20)= 120 kmh−1

2. Provide a comparison of the relative velocities
in each scenario.

Although in each case the velocities relative to the
road are different, the relative velocities of the cars
in scenarios 1 and 2 are the same and will cause
similar effects upon colliding. When examining
scenarios 2 and 3, the cars are travelling at the same
speeds but in opposite directions, and therefore the
relative velocities are different and there will be
different effects upon the cars colliding.

PRACTICE PROBLEM 1

According to Galilean relativity, which one (or more) of the following variables is relative?
a. acceleration
b. velocity
c. time
d. mass

11.2.2 Frames of reference
To help make sense of all the possible velocities, physicists consider frames of reference. A frame of reference
is a system of coordinates. For example, where you are sitting reading this book, you view the world through
your frame of reference. You can map the position of things around you by choosing an origin (probably the
point where you are), then noting where everything else is in reference to that: the window is 1 metre in front of
you, the door is 2 metres behind you, and so on. Your reference frame also includes time, so you can see that the
position of the window in front of you is not changing and you can therefore say its velocity is zero.
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FIGURE 11.11 A reference frame is a set of space and time coordinates that are stationary relative to an observer.
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When something is said to be ‘at rest’, it is at rest in the reference frame in which the observer views the world.
In everyday life, there is a tendency to take a somewhat Aristotelian point of view and regard everything from
the perspective that Earth is at rest. For example, another student walking behind you has her own reference
frame. As she walks, your position in her frame of reference is moving. She could say that she is moving past
you while you are stationary, or that she is stationary while you and the rest of the room are on the move!

In many situations, considering Earth to be at rest is a convenient assumption. In more complex examples of
motion, such as sports events, car accidents involving two moving vehicles, or the motions of the solar system, it
can be useful to choose alternative frames of reference.

In classical physics, the differences between frames of reference are their motion and position. In other words,
position and speed are relative in classical physics. For example, one person might record an object to have
a different position than a second person would (it might be 3 metres in front of the first person but 4 metres
behind the second), and the first person might also record it as having a different speed (maybe it is stationary
in their frame of reference but approaching the second person at 2 m s−1). The position and speed are dependent
on the observer. However, in classical physics both observers can agree on what 3 metres and 2 m s−1 are. The
rulers are the same and the clocks tick at the same rate in both frames. Time and space are seen as absolute in the
classical physics established by Galileo, Newton and the other early physicists.

classical physics the physics
that predated Einstein’s
discoveries leading to the laws of
relativity and quantum mechanics

inertial reference frame a
reference frame that is not
accelerating, where Newton’s
laws hold true

invariant quantity unchanging,
regardless of the frame of
reference

Frames of reference that are not accelerating are called inertial reference frames.
An inertial reference frame moves in a straight line at a constant speed relative to
other inertial reference frames.

An invariant quantity is a quantity that has the same value in all reference
frames. In classical physics, mass is the same in all reference frames, so all
observers will observe that Newton’s second law holds. In sample problem 2,
all observers would agree on the forces acting on the astronauts. Unlike velocity,
acceleration in Galilean relativity does not depend on the motion of the frame of
reference; it is also invariant.
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SAMPLE PROBLEM 2 Determining the acceleration in different reference frames
tlvd-9028

Consider the reference frame in which a spacecraft is initially at rest (reference frame A). Effie is
positioned in another reference frame (reference frame B). Astronaut Axel is in the spacecraft and he
fires its rockets for 10 s, achieving a final velocity of 100 m s−1. Show that the acceleration of the rocket
does not depend on the reference frame.

THINK WRITE
1. Calculate the acceleration of the rocket in

reference frame A.
According to the measurements made in A, the rocket

accelerated for 10 s at:

a = Δv
t= 100− 0

10= 100

10= 10m s−2

Axel would feel a force in the forward direction.

2. Now choose a different reference frame. Effie
is in reference frame B in another spacecraft,
moving at 50 m s−1 relative to A for instance.
Note that you can use any value here, to show
that the acceleration will be the same in any
frame of reference.

a = 10 m s−2

v = 100 m s−1

t = 10 s

v = 150 m s−1

t = 10 s
v = 50 m s−1

t = 0 

v = 0
t = 0

x

Axel’s spacecraft

viewed from

reference frame A

Axel’s spacecraft

viewed from

reference frame B

3. Calculate the acceleration of the rocket in
reference frame B.

Effie measures the velocity of Axel’s spacecraft to
change from 50 m s−1 to (50 + 100) m s−1 in 10 s.
From B:

a = Δv
t= 150− 50

10= 100

10= 10m s−2

4. Compare the acceleration of the rocket in both
reference frames.

The acceleration is the same whether it is measured
from frame A or frame B. It will still be 10 m s−2

regardless of the speed of the reference frame.

PRACTICE PROBLEM 2

a. Explain what is meant by the statement ‘speed is relative to the frame of reference’.
b. By referring to Newton’s laws of motion, explain why it is important for acceleration to be

invariant but that velocity can be relative.
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In sample problem 2, it is interesting to consider the motion of Axel’s spacecraft as viewed by Effie in reference
frame B. Reference frame B is in an inertial reference frame as it is not accelerating. Axel, however, looks back
at Effie and sees her falling behind at an increasing rate. Is it Axel or Effie who is accelerating? The answer is
clear to them: the force experienced by Axel is not felt by Effie. The acceleration can be measured by this force
without any reference to the relative motions of other objects; an object’s velocity cannot.

11.2.3 Comparing Einstein’s theories to earlier principles
Galilean relativity seemed to work well for the motion of massive bodies but, by the nineteenth century,
physicists were learning much more about other physical phenomena.

luminiferous aether
hypothesised medium permeating
space, supposed to carry
electromagnetic waves

In 1865, James Clerk Maxwell’s theory of electromagnetism drew together the key findings of electricity and
magnetism to completely describe the behaviour of electric and magnetic fields using a set of four equations.
One of the outcomes of this was an understanding of electromagnetic waves. The equations dictated the speed of
these waves, and Maxwell noticed that this speed was the same as the speed that had been measured for light. He
suggested that light was an electromagnetic wave and predicted the existence of
waves with other wavelengths that were soon discovered, such as radio waves.
A medium for these fields and waves was proposed, called the luminiferous
aether. The speed of light, c, was the speed of light relative to this aether.

The understanding was that if light moves through the aether, then Earth must also be moving through the
aether. Changes in the speed of light as Earth orbits the Sun should be detectable. Maxwell predicted that
electromagnetic waves would behave like sound and water waves in that the speed of electromagnetic waves
in the medium would not depend on the motion of the source or the detector through the medium.

To understand the significance of this aether, consider the sound produced by a jet plane. When the plane is
stationary on the runway preparing for takeoff, the sound travels away from the plane at the speed of sound
in air, about 340 m s−1. When the plane is flying at a constant speed, say 200 m s−1, the speed of sound is still
340 m s−1 in the air. However, to find the speed relative to the reference frame of the plane, the speed of the
plane relative to the air must be subtracted. From this it is found that the sound is travelling at:

340 − 200 = 140 m s−1 in the forward direction relative to the plane

340 −(− 200) = 540 m s−1 in the backward direction relative to the plane.

FIGURE 11.12 Sound moving away from a plane

v = 540 m s−1

a. Velocity of sound relative to plane v = 200 m s−1

v = 140 m s−1
v = 340 m s−1v = 340 m s−1

b.  Velocity of sound relative to air v = 0 m s−1

In this example, the speed of the plane through the air could be measured by knowing the speed of sound in air
(340m s−1) and measuring the speed of a sound sent from the back of the plane to the front (140m s−1) in the
reference frame of the plane. As long as the plane is flying straight, the speed of the plane relative to the air can
be inferred by setting the forward direction as positive and subtracting the velocities:

340 − 140 = 200m s−1

The speed of the plane has been measured relative to an external reference frame, that of the air, and therefore
this example has not violated Galilean relativity. As light had been shown to travel in waves, scientists felt they
should be able to measure Earth’s speed through the aether in the same way.
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SAMPLE PROBLEM 3 Explaining Maxwell’s concept of electromagnetic waves
tlvd-9029

Explain how Maxwell’s concept of electromagnetic waves such as light challenged the Galilean
principle of relativity.

THINK WRITE

The principle of relativity states that the
laws of physics hold true in all inertial
reference frames.

Galileo proposed that all inertial frames of
reference are equally valid. Maxwell’s concept of
electromagnetic waves suggested the presence of an
absolute frame of reference — the luminiferous
aether. That is, observers moving relative to
the aether should experience light at different
velocities, and therefore not all inertial frames of
reference are equally valid, as stated by Galileo.

PRACTICE PROBLEM 3

Assuming that electromagnetic waves travel at c relative to the aether, determine the speed of light
shining from the rear of a spacecraft that is moving at half the speed of light relative to the aether.

The Michelson–Morley experiment
In 1887, Albert Michelson and Edward Morley devised a method of using interference effects to detect slight
changes in the time taken for light to travel through different paths in their apparatus. As with sound travelling
from the front and rear of a plane through the air, the light was expected to take different amounts of time
to travel in different directions through the luminiferous aether as Earth moved through it. Much to their
astonishment, the predicted change in the interference pattern was not observed. It was as though the speed of
light was unaffected by the motion of the reference frame of its observer or its source!

FIGURE 11.13 a. The idea behind the Michelson–Morley experiment b. A Michelson interferometer

v c relative to

the aether

c relative to

the aether

a.

Light moving away from

Earth slower than c, (c − v)

Light moving away from

Earth faster than c, (c + v)

b.

Null-result of the Michelson−Morley experiment

The Michelson–Morley experiment was an experiment to detect the supposed medium (luminiferous
aether), through which light propagates, by measuring the speed of light in perpendicular directions. The
null-result of their experiment (no significant differences in the speed of light were detected) was the first
strong evidence against the existence of the luminiferous aether.

The implications from this experiment are that light does not need a medium to propagate, and the speed of
light is independent of the motion of the observer.

null-result experimental outcome
not showing an expected effectThis is evidence in support of the special theory of relativity.
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Resources

Video eLesson Michelson–Morley experiment (eles-2561)

Developing Einstein’s special theory of relativity

FIGURE 11.14 An experiment in
electromagnetism

Annabel is stationary Nicky moves

Annabel moves Nicky is stationary

Understanding electromagnetic phenomena was the foundation
for Einstein’s special relativity. In particular, the physicists of
the nineteenth century, such as Michael Faraday, knew that
they could induce a current in a wire by moving a magnet near
the wire. They also knew that if they moved a wire through a
magnetic field, a current would be induced in the wire. They
saw these as two separate phenomena.

Imagine this: two students are in different physics classes.
Annabel has learned in her class that electrons moving in
a magnetic field experience a force perpendicular to their
direction of motion and in proportion to their speed. Her
friend Nicky has learned in her class that a current is induced
in a loop of wire when the magnetic flux through the wire
changes. Are these two different phenomena? Because they
have also learned about the principle of relativity, Annabel and
Nicky have doubts. They get together after class to perform
experiments. The force depends on the speed. Annabel holds
a stationary loop of conducting wire. Nicky moves the north
pole of a magnet towards the loop, and they notice that a current
is present in the wire as she does this. Nicky says that this is
consistent with what she has learned. The conclusion is that a
current is induced by a changing magnetic field. Then Nicky
holds the magnet still so that the magnetic field is not changing.
Annabel moves her loop of wire towards Nicky’s magnet.
Annabel states that the result agrees with what she learned in
class — that electrons and other charged particles experience a
force when moving in a magnetic field.

Einstein realised that there was only one phenomenon at work
here. Both experiments are doing exactly the same thing, and
it is only the relative speeds of the coil and the magnet that are
important. This may seem obvious, but to make this jump it was necessary to discard the idea that the electric
and magnetic fields depended on the luminiferous aether. It was the relative motion that was important, not
whether the magnet or charge was moving through the aether.

11.2.4 Einstein’s two postulates of special relativity
Physicists tried all sorts of experiments to detect the motion of Earth through the luminiferous aether, and they
attempted to interpret the data in ways that would match the behaviour of light with what they expected would
happen. Their attempts were unsuccessful.

Einstein managed to restore order to our understanding of the universe. While others suspected the new theory
of electromagnetism to be wrong, Einstein took apart the established theory of Newtonian mechanics, even
though its success had given physicists reason to believe in relativity in the first place. Einstein dared to see what
would happen if he embraced the results of the Maxwell equations and the experiments with light, and accepted
that the speed of light was invariant. The results were surprising and shocking, but this bold insight helped usher
in the modern understanding of physics.
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Einstein agreed with Galileo that the laws of physics must be the same for all observers, but he added a second
requirement: that the speed of light in a vacuum is the same for all observers. The speed of light is invariant
and does not differ in different reference frames. He set these two principles down as requirements for the
development of theoretical physics. They are known as Einstein’s two postulates of special relativity.

Einstein’s postulates state that:
1. The laws of physics are the same in all inertial (non-accelerated) frames of reference.
2. The speed of light has a constant value for all observers regardless of their motion or the

motion of the source.

The physics based on these postulates has become known as special relativity. It is ‘special’ because it deals with
the special case of uniform (non-accelerating) motion. To deal with gravity and acceleration, Einstein went on to
formulate his Theory of General Relativity, but that is beyond the scope of this course.

Einstein’s postulates were radical. Ideas that had been taken for granted for centuries had to be completely
reconsidered, as their limitations became more obvious with the development of Einstein’s postulates. As well
as the removal of the luminiferous aether, the intuitive notions that time passed at the same rate for everyone,
that two simultaneous events would be simultaneous for all observers, and that distance and mass are the same
for all observers had to be discarded.

Einstein’s work explained why the velocity of Earth with respect to the aether could not be detected. His first
postulate implied that there is no experiment that can be done on Earth to measure the speed of Earth. An
external reference point must be taken, and the speed of Earth must be measured relative to that point in order
for the speed of Earth to have any meaning. With his second postulate, Einstein also declared that it does not
matter in which direction the Michelson–Morley apparatus was pointing in; the light would still travel at the
same speed. No change in the interference pattern should be detected when the apparatus was rotated.

SAMPLE PROBLEM 4 Comparing Einstein’s postulates to earlier physics theories
tlvd-9030

How do Einstein’s postulates differ from the physics that preceded them?

THINK WRITE

1. Consider Einstein’s first postulate, in which
the laws of physics are the same in all inertial
frames of reference.

Firstly, the principle of relativity is applied to all laws
of physics, not just the mechanics of Galileo and
Newton.

2. Consider Einstein’s second postulate, in which
the speed of light has a constant value for all
observers regardless of their motion.

Secondly, the speed of light is constant for all
observers. Before Einstein, the speed of light was
assumed to be relative to its medium, the luminiferous
aether.

PRACTICE PROBLEM 4

Einstein realised that measurements that had been regarded as relative (or changing depending on
the motion of the observer) were actually invariant. As a result of this, measurements that had been
regarded as invariant now had to be regarded as relative. What did he find to be invariant and what
did he find to be relative?
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Broadening the horizons of understanding
Why did scientists before Einstein (and most people after Einstein) not notice the effects of light speed
being invariant? Newton’s laws provided a very good approximation for the world experienced by people
before the twentieth century. By the beginning of the twentieth century, however, physicists were able to take
measurements with incredible accuracy. They were also discovering new particles, such as electrons, that could
travel at extremely high speeds. Indeed, these speeds were completely outside the realm of human experience.
Light travels at c = 3.0 × 108 m s−1 or 300 000 km s−1. (To be precise, c = 299 792 458 m s−1.) At this speed,
light covers the distance from Earth to the Moon in roughly 1.3 seconds!

Note: When considering speeds at a significant fraction of the speed of light, it is easier to use the speed of light
as the unit. For example, instead of 1.5 × 108 m s−1, a physicist can simply write 0.5c.

SAMPLE PROBLEM 5 Calculating the time taken for an object to accelerate to one-tenth
of the speed of lighttlvd-9031

To get a sense of how fast light travels, Andrei considers how long it would take to accelerate from rest
to a tenth of this great speed at the familiar rate of 9.8 m s−2 — the acceleration of an object in free
fall near the surface of Earth. Calculate how long it would take to reach this speed.

THINK WRITE

1. List the known information. u= 0 m s−1, v= 0.1c= 3.0× 107m s−1, a= 9.8m s−2, t=?
2. As acceleration is constant,

use the relationship
v=u+ at to determine the
time taken for an object to
accelerate from rest to a
speed that is a tenth of the
speed of light.

v = u+ at
t = v−u

a

= 3.0× 107− 0

9.8= 3.06× 106 seconds= 35.4 days

It would take more than 35 days to achieve a speed of 0.1c!
(This is the fastest speed for which use of Newtonian kinematics
still gives a reasonable approximation.)

PRACTICE PROBLEM 5

With an acceleration of 9.8 m s−2, occupants of a spacecraft in deep space would reassuringly feel
the same force due to gravity that they feel on Earth. What would happen to the astronauts if the
acceleration of the spacecraft was much greater, to enable faster space travel?

Light speed really is beyond our normal experience! Maybe Einstein’s predictions would not be so surprising if
people had more direct experience with objects travelling at great speeds but, as it is, they seem very strange.
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AS A MATTER OF FACT

The distance light travels in a year is known as a light-year. Even on Earth, distance is now measured in terms of

the speed of light. One metre is defined as the distance light travels in exactly
1

c
= 1

299 792 458
of a second.

The speed of light is constant
This simple statement of Einstein’s second postulate may not seem remarkable. To highlight what it means,
light will again be compared with sound. In the nineteenth century, sound and light were thought to have a
lot in common, because they both exhibited similar wavelike behaviours, such as diffraction and interference.
However, sound is a disturbance of a medium, whereas light does not require any medium at all. Sound has a
speed that is relative to its medium. If the source of the sound is moving through the medium, then the speed
of the sound relative to the source is different to the speed of sound relative to the medium. Its speed can be
different again for an observer depending on the reference frame.

Einstein was saying there is no medium for light, so the concept of the speed of light relative to its medium is
not meaningful. Light always moves away from its source at 299 792 458 m s−1 and always meets its observer
at 299 792 458 m s−1, no matter what the relative speeds of the observer and the source. Even if Earth were
hurtling along its orbit at 0.9c, the result of the Michelson–Morley experiment would have been the same.

As an example, consider a spacecraft in the distant future hurtling towards Earth at 0.5c. The astronaut sends
out a radio message to alert Earth of his impending visit. (Radio waves, as part of the electromagnetic spectrum,
have the same speed as visible light.) He notices that, in agreement with the Michelson–Morley measurements
of centuries before, the radio waves move away from the spacecraft at speed c. With what speed do they hit
Earth? Relative velocity, as treated by Galileo, insists that as the spacecraft already has a speed of 0.5c relative
to Earth, then the radio waves must strike Earth at 1.5c. However, this does not happen. The radio waves travel at
speed c regardless of the motion of the source and the receiver.

This concept was very difficult for physicists to comprehend, and many resisted Einstein’s ideas. But the
evidence is irrefutable. Newtonian physics works as a very good approximation only for velocities much less
than c. The faster something moves, the more obvious it is that the Newtonian world view does not match
reality. It was not until the twentieth century that scientists investigated objects (such as cosmic rays) moving
at great speeds. Many technologies and objects (such as satellites in orbit) need to be programmed according to
Einsteinian physics rather than Newtonian classical physics.

FIGURE 11.15 A spacecraft approaching Earth at 0.5c. The radio signal is travelling at c relative to both Earth and
the spacecraft.

0.5c c
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signal
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EXTENSION: Space–time diagrams FIGURE 11.16 Minkowski diagrams
from planet A’s frame of reference
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In 1908, Hermann Minkowski invented a useful method of
depicting situations similar to the spacecraft scenario just
described. His diagrams are like distance–time graphs with the
axes switched around. However, they differ from time–distance
graphs in an important way. When reading these diagrams, the
markings on the scales for time and position are only correct for
the reference frame in which the axes are stationary. Straight lines
are drawn diagonally outwards form the source, indicating the
constant motion of the light away from the source over time.

Consider this scenario. Light reflecting from planet A radiates
in all directions at c so that, after one year, the light that left the
planet forms a sphere one light-year in radius. Another planet, B,
passes planet A at great speed, just missing it. Light from planet
B’s surface also leaves at c, according to the second postulate,
forming a sphere around it. However, from planet A’s perspective,
the light from planet B reaches a distance of one light-year behind
planet B before it reaches a distance of one light-year ahead of
planet B. Figure 11.16 shows examples of Minkowski diagrams
for this scenario. Each diagram is drawn from planet A’s reference
frame. Diagram (a) shows the situation for planet A, and diagram
(b) shows what is happening on planet B according to observers
on planet A.

SAMPLE PROBLEM 6 Understanding how planets are in the centre of light circles
tlvd-9032

Using figure 11.16, explain how both planets A and B can be at the centre of their light circles as the
postulates demand.

THINK WRITE

Use the diagrams to
explain how both
planets can be at the
centre of their light
circles as the postulates
demand.

Diagram (a) shows the situation for planet A. The light radiates in all
directions at the same rate, and the diagram shows where the light in one
direction and the opposite direction would be after one year.
Diagram (b) shows what is happening on planet B according to observers
on planet A. The light moving out behind the moving planet reaches the
one-light-year distance sooner than the light moving out from the front!
But it is known that planet B is at the centre of this light circle. The way to
achieve this is to move away from absolute space and time and understand
that these are relative to the observer. When this is done, it is seen as
possible for planet B to be at the centre of the light circle. However, this
requires that A and B disagree about when two events occur. According to
planet A, the different sides of the light circle reach the light-year radius at
different times, but from planet B this must occur simultaneously.
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PRACTICE PROBLEM 6

State whether the simultaneity of events is invariant or relative in:
a. classical physics
b. special relativity.

11.2 Activities

Students, these questions are even better in jacPLUS
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11.2 Quick quiz 11.2 Exercise 11.2 Exam questions

11.2 Exercise

1. What do physicists mean when they say that velocity is relative?
2. What is a frame of reference?
3. Two cars drive in opposite directions along a suburban street at 50 km h−1. What is the velocity of one car

relative to the other?
4. Earth varies from motion in a straight line by less than 1° each day due to its motion around the Sun.

a. Explain, with the help of the principle of relativity, why you do not feel Earth moving, even though it is
travelling around the Sun at great speed.

b. What are the other motions Earth undergoes that you cannot feel?
c. Earth is not an inertial reference frame. Explain why it is often referred to as though it is.

5. If Earth is moving at 100 km s−1 relative to the supposed aether, what speed would Michelson have
hypothesised for light emitted in the same direction that Earth is travelling?

6. a. Why did Newton’s laws seem correct for so long?
b. Why are Newton’s laws still useful?

7. Why is Einstein’s second postulate surprising? Give an example to show why Newtonian physicists would
think it wrong.

8. A star emits light at speed c. A second star is hurtling towards it at speed 0.3c. What is the speed of the light
when it hits the second star relative to this second star?

11.2 Exam questions

Question 1 (1 mark)
Source: VCE 2021, Physics Exam, Section A, Q.20; © VCAA

MC One of Einstein’s postulates for special relativity is that the laws of physics are the same in all inertial frames
of reference.

Which one of the following best describes a property of an inertial frame of reference?
A. It is travelling at a constant speed.
B. It is travelling at a speed much slower than c.
C. Its movement is consistent with the expansion of the universe.
D. No observer in the frame can detect any acceleration of the frame.
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Question 2 (3 marks)
Source: Adapted from VCE 2019, Physics Exam, Section B, Q.11; © VCAA

What is the second postulate of Einstein’s special theory of relativity regarding the speed of light? Explain how
the second postulate differs from the concept of the speed of light in classical physics.

Question 3 (2 marks)
Source: VCE 2018, Physics Exam, Section B, Q.14; © VCAA

Jani is stationary in a spaceship travelling at constant speed.

Does this mean that the spaceship must be in an inertial frame of reference? Justify your answer.

Question 4 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.10; © VCAA

MC A student sits inside a windowless box that has been placed on a smooth-riding train carriage. He conducts
a series of motion experiments to investigate frames of reference.

Which one of the following observations is correct?
A. The results when the train accelerates are identical to the results when the train is at rest.
B. The results when the train accelerates differ from the results when the train is in uniform motion in a

straight line.
C. The results when the train is at rest differ from the results when the train is in uniform motion in a straight line.
D. The results when the train accelerates are identical to the results when the train is in uniform motion in a

straight line.

Question 5 (1 mark)
Source: VCE 2016, Physics Exam, Section B, Q.2; © VCAA

MC When Anna is halfway between Earth and the space lab, she sends a radio pulse towards Earth and towards
the space lab, as shown in Figure 2.

Earth

Barry space labAnna

Figure 2

v

radio

signal

radio

signal

As observed by Anna, which one of the following statements correctly gives the order in which this signal is
received by Barry and by the space lab?
A. Barry receives the signal first.
B. The space lab receives the signal first.
C. The signal is received by Barry and the space lab at the same time.
D. It is not possible to predict since special relativity applies to light but not to radio signals.

More exam questions are available in your learnON title.
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11.3 Time dilation

KEY KNOWLEDGE

• Describe proper time (t0) as the time interval between two events in a reference frame where the two events
occur at the same point in space

• Model mathematically time dilation and length contraction at speeds approaching c using the equations:

t= t0𝛾 and L= L0𝛾 where 𝛾= 1
√

(

1− v
2

c
2

)

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

11.3.1 Time is relative
The passing of time can be measured in many ways, including using the position of the Sun in the sky, the
position of hands on a watch, the changing of the seasons and the signs of a person ageing. Galileo is known to
have made use of the beat of his pulse, the swinging of a pendulum and the dripping of water. As already stated,
Newtonian physics assumed that each of these clocks ticked at the same rate regardless of who was observing
them. However, Einstein’s special theory of relativity shows that this assumption — that time is absolute — is
actually wrong. This error becomes apparent when the motion of the clock relative to the observer approaches
the speed of light.

thought experiment an imaginary
scenario designed to explore what
the laws of physics predict would
happen; also known as a gedanken
experiment

Consider a simple clock consisting of two mirrors, A and B, with light reflecting back
and forth between them. This is an unusual clock, but it is very useful for illustrating
how time is affected by relativity. Experiments that involve pursuing an idea on paper
without actually performing them are common in explanations of relativity. They are
known as thought experiments.

FIGURE 11.17 A light clock a. at rest relative to the observer, and b. in motion relative to the observer

L L

a.
B

A

b.
B'

A'

B'

A'

B'

A'

vtAB

Let the separation of the mirrors be L. The time for the pulse of light to pass from mirror A to mirror B and back
is calculated in the conventional way:

c = 2L

t0

t0 = 2L

c

where t0 is the time for light to travel from A to B and back, as measured in the frame of reference in which the
clock is at rest.
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This time, t0, will be defined as one tick of the clock. In this case, the position of the clock does not change in
the frame of reference. The passing of time can be indicated by two events separated by time but not by space —
the event of the photon of light first being at A and the event of the photon being back at A.

Imagine an identical clock, with mirrors A′ and B′, moving past this light clock at speed v. At what rate does
time pass on this moving clock according to the observer? Label the time interval measured by this clock t to
distinguish it from t0. The light leaves A′ and moves towards B′ at speed c. The speed is still c even though the
clock is moving, as stated by Einstein’s second postulate. In the time the light makes this journey, the clock
moves a distance d = vtAB, where tAB is the time the light takes to travel from A′ to B′. Figure 11.17b depicts
this situation and shows that the light in the moving frame of reference has further to travel than the light in the

rest frame. Using Pythagoras’s theorem, the light has travelled a distance of 2
√

L2+ (vtAB)
2 from A′ to B′ and

back to A′. This is a greater distance than 2L, given v≠ 0 and c is constant. Therefore, the time the light takes to
complete the tick must be greater than for the rest clock.

The speed of the light relative to the observer is:

c = d

t

c = 2
√

L2+ (vtAB)
2

2tAB

Transpose the equation to make a formula for t:

2ctAB = 2
√

L2+ v2(tAB)
2

c2(tAB)
2 = L2+ v2(tAB)

2

But tAB= t

2
:

c2t2

4
− v2t2

4
= L2

t2
(

c2− v2) = 4L2

t = 2L
√

c2− v2= 2L

c

√

1− v2

c2

It has already been determined that t0= 2L

c
, so

t= t0
√

1− v2

c2

The expression
1

√

1− v2

c2

appears frequently in special relativity. It is known as the Lorentz factor and is

denoted by gamma, 𝛾.
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The equation can now be written as:

t = t0𝛾
where: 𝛾= 1

√

1− v2

c2

is the Lorentz factor

v is the speed of the moving frame of reference, in m s−1

c is the speed of light in a vacuum, in m s−1

t is the time measured in the reference frame of the observer, in seconds

t0 is the time measured in the reference frame of the observed object, or the reference
frame where two events occur at the same point in space (proper time), in seconds

The equation t= t0𝛾 is known as the time dilation formula. This formula enables the determination of the time
interval between two events in a reference frame moving relative to an observer.

Note that gamma is always greater than 1. As a result, t will always be greater than t0, hence the term ‘time
dilation’. In a reference frame moving relative to the observer like this, the two events that are being used to
mark the time interval (the time between the light being at A) occur at different points in space. The time t0 is
the time measured in a frame of reference where the events occur at the same points in space. It is known as the
proper time. This is not proper in the sense of correct, but in the sense of property. It is the time in the clock’s
own reference frame, whatever that clock might be.

time dilation the slowing of time
by clocks moving relative to the
observer

proper time between two events,
the time measured in a frame of
reference where the events occur
at the same point in space. The
proper time of a clock is the time the
clock measures in its own reference
frame.

Examples:
1. A mechanical clock’s large hand moves from the 12 to the 3, showing that 15 minutes have passed. Fifteen

minutes is the proper time between the two events of the clock showing the hour and the clock showing
quarter past the hour. However, if that clock was moving at great speed relative to an observer, the observer
would notice that the time between these two events was longer than 15 minutes. The time is dilated.

2. A candle burns 2 centimetres in 1 hour. One hour is the proper time between
the events of the candle being at a particular length and the candle being
2 centimetres shorter. If the candle was moving relative to an observer, the
observer would notice that it took longer than 1 hour for the candle to burn down
2 centimetres.

3. A man dies at 89 years of age. His life of 89 years is the time between the events
of his birth and his death in his reference frame. To an observer moving past at
great speed, the man appears to live longer than 89 years. He does not fit any
more into his life; everything he does appears to the observer as if it was
slowed down.

SAMPLE PROBLEM 7 Applications of time dilation 1
tlvd-9033

James observes a clock held by his friend Mabry moving past at 0.5c. He notices the hands change
from 12 pm to 12.05 pm, indicating that 5 minutes have passed for the clock. How much time has
passed for James?

THINK WRITE

1. Determine the proper time of the clock. The proper time t0 is the time interval between the two
events: when the clock shows 12 pm and when the clock
shows 12.05 pm. The difference is 5 minutes.
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2. Calculate the Lorentz factor using𝛾 = 1
√

1− v2

c2

, where v= 0.5c. 𝛾 = 1
√

1− v2

c2= 1
√

1− (0.5c)2
c2= 1

√

1− 0.25c2
c2= 1

√

1− 0.25= 1.155
3. Calculate the time taken for the hands

to change from 12 pm to 12.05 pm in
James’s frame of reference, using t= t0𝛾.
Ensure you use the non-rounded value for
the Lorentz factor in your calculation.

t = t0𝛾= 5minutes× 1.155= 5.774minutes
James notices that the moving clock takes 5.774 minutes
(or 5 minutes, 46.4 seconds) for its hands to move from
12 pm to 12.05 pm.

PRACTICE PROBLEM 7

In another measurement, James looks at his own watch and waits the 5 minutes it takes for the watch
to change from 1 pm to 1.05 pm. He then looks at Mabry’s clock as she moves past at 0.5c. How much
time has passed on her clock?

Unlike in Newtonian physics, time intervals in special relativity are not invariant. Rather, they are relative to the
observer.

SAMPLE PROBLEM 8 Applications of time dilation 2
tlvd-9034

Mabry is travelling past James at 0.5c. She looks at James and sees his watch ticking. How long does
she observe it to take for his watch to indicate the passing of 5 minutes?

THINK WRITE

In this case it is James’s watch that is showing the proper
time. The situation in sample problem 7 and this situation are
symmetrical. Mabry sees James as moving at 0.5c, and James
sees Mabry moving at 0.5c, so Mabry’s measurement of time
passing on James’s watch is the same as James’s measurement
of time passing on Mabry’s watch.

Mabry notices that 5.774 minutes
pass when James’s watch shows
5 minutes passing.
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PRACTICE PROBLEM 8

Aixi listens to a 3-minute song on her phone. As soon as she starts the song, she sees her friend Xiaobo
start wrestling with his brother on a spaceship moving by at 0.8c. When the song finishes, she sees
Xiaobo stop wrestling. How long were the two boys wrestling?

SAMPLE PROBLEM 9 Comparing the rates of clocks using the time dilation formula
tlvd-9035

A car passes Eleanor at 20 m s−1. Compare the rate that a clock in the car ticks with the rate the clock
in her hand ticks.

THINK WRITE

1. Determine the Lorentz factor𝛾 = 1
√

1− v2

c2

when v = 20 m s−1.

𝛾 = 1
√

1− v2

c2= 1
√

√

√

√1− 202
(

3× 108
)2

= 1.000 000 000 000 0022

2. Calculate the time that passes on the clock in
the car in Eleanor’s frame of reference using
t= t0𝛾.

t = t0𝛾= 1.000 000 000 000 0022t0
The difference between the rates of time in the two
perspectives is so small that it is difficult to calculate,
much less notice it.

PRACTICE PROBLEM 9

Jonathan observes a clock on a passing spaceship to be ticking at half the rate of his identical clock.
What is the relative speed of Jonathan and the passing spaceship?

Newton’s assumption that all clocks tick at the same rate, regardless of their inertial reference frame, was very
reasonable. Learning the very good approximation of Newton’s laws is well justified. They are simpler than
Einstein’s laws, and they work for all but the highest speeds. A good theory in science has to fit the facts, and
Newton’s physics fit the data very successfully for 200 years. It was a great theory, but Einstein’s is even better.

If Newton knew then what is known now, he would realise that his theories were in trouble. At speeds humans
normally experience, time dilation is negligible, but the dilation increases dramatically as objects approach
the speed of light. If you passed a planet at 2.9 × 108 m s−1, you would measure the aliens’ usual school
lessons of 50 minutes as taking 195 minutes. An increase in speed to 2.99 × 108 m s−1 would dilate the period
to 613 minutes. If you could achieve the speed of light, the period would last forever — time would stop.

Photons do not age, as they do not experience time passing!
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11.3 Quick quiz 11.3 Exercise 11.3 Exam questions

11.3 Exercise

1. What is time dilation? In your explanation, give an example of where time dilation would occur.
2. Which clock runs slow: yours or one in motion relative to you?
3. Draw diagrams of a light clock in motion and at rest to explain why time dilation occurs for moving clocks.
4. Explain the difference between t0 and t in the time dilation formula.
5. Two spacecraft pass each other with a relative speed of 0.3c.

a. Calculate 𝛾.
b. A drummer pounds a drum at 100 beats per minute on one of the spacecraft. How many beats per minute

would those on the other spacecraft measure as a result of time dilation?

11.3 Exam questions

Question 1 (1 mark)
Source: VCE 2020 Physics Exam, Section A, Q.12; © VCAA

MC A high-energy proton is travelling through space at a constant velocity of 2.50×108 m s−1.

The Lorentz factor, 𝛾, for this proton would be closest to
A. 1.81
B. 2.44
C. 3.27
D. 3.39 

Question 2 (4 marks)
Source: VCE 2020 Physics Exam, Section B, Q.11; © VCAA

An astronaut has left Earth and is travelling on a spaceship at 0.800c (𝛾= 1.67) directly towards the star known
as Sirius, which is located 8.61 light-years away from Earth, as measured by observers on Earth.
a. How long will the trip take according to a clock that the astronaut is carrying on his spaceship? Show your

working. (2 marks)
b. Is the trip time measured by the astronaut in part a a proper time? Explain your reasoning. (2 marks)
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Question 3 (1 mark)
Source: VCE 2018, Physics Exam, Section A, Q.13; © VCAA

MC Which one of the following diagrams best represents the graph of 𝛾 (the Lorentz factor) versus speed for an
electron that is accelerated from rest to near the speed of light, c?

0 speed

c

γA. γ

0 speed

c

B.

γ

0 speed

c

C.

0 speed

c

γD.

Question 4 (2 marks)
Source: VCE 2017, Physics Exam, Section B, Q.11.a; © VCAA

Tests of relativistic time dilation have been made by observing the decay of short-lived particles. A muon,
travelling from the edge of the atmosphere to the surface of Earth, is an example of such a particle.

To model this in the laboratory, another elementary particle with a shorter half-life is produced in a particle
accelerator. It is travelling at 0.99875c

(𝛾= 20
)

. Scientists observe that this particle travels 9.14 × 10–5 m in a
straight line from the point where it is made to the point where it decays into other particles. It is not accelerating.

Calculate the lifetime of the particle in the scientists’ frame of reference.

Question 5 (1 mark)
Source: VCE 2016, Physics Exam, Section B, Q.1; © VCAA

MC Anna and Barry have identical quartz clocks that use the precise period of vibration of quartz crystals to
determine time. Barry and his clock are on Earth. Anna accompanies her clock on a rocket travelling at constant
high velocity, v, past Earth and towards a space lab (which is stationary relative to Earth), as shown in Figure 1.

Earth

Barry
Anna

Figure 1

space lab

v

Which one of the following statements correctly describes the behaviour of these two clocks?
A. The period of vibration in Anna’s clock (as observed by Anna) will be shorter than the period of vibration in

Barry’s clock (as observed by Barry).
B. The period of vibration in Anna’s clock (as observed by Anna) will be longer than the period of vibration in

Barry’s clock (as observed by Barry).
C. The period of vibration in Anna’s clock (as observed by Anna) will be the same as the period of vibration in

Barry’s clock (as observed by Barry).
D. Only the time on Barry’s clock is reliable because it is in a frame that is not moving.

More exam questions are available in your learnON title.
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11.4 Length contraction

KEY KNOWLEDGE

• Describe proper length (L0) as the length that is measured in the frame of reference in which objects are at
rest

• Model mathematically time dilation and length contraction at speeds approaching c using the equations:

t= t0𝛾 and L= L0𝛾 where 𝛾= 1
√

(

1− v2

c2

)

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

11.4.1 Length is also relative
Once it is accepted that simultaneity of events and the rate that time passes are dependent on the speed of the
observer, it has to be accepted that length must be relative as well. The length of an object is simply the distance
between the two ends of the object. To find that distance, the positions of both ends must be noted at the same
time. If they were measured at different times, a moving object would have changed position, so the distance
between the end that was measured second and the end that was measured first would have changed. The fact
that any two inertial reference frames do not agree on which events are simultaneous is going to cause the
measurement of length to be different in different reference frames. The speed of light is invariant and time is
relative, so there is even more reason to doubt that lengths will be the same for all observers.

A clever thought experiment of Einstein’s enables the determination of the effect that the speed of an observer
has on a length to be measured. It is essentially the same as the thought experiment used to derive the time
dilation equation but with the light clock tipped on its side so that its length is aligned with the direction of
its motion.

From the reference frame of the clock, again t0= 2L

c
. What about the reference frame of an observer with a

speed of v relative to the clock? The distance between the ends of the clock can be measured using the time for
light to travel from one end to the other and back, as seen in figure 11.18.

FIGURE 11.18 Light journeys in a. a clock at rest and b. a clock moving to the right at speed v

a. A B

L0

b. A B

L vtAB

vtBAL
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Looking at figure 11.18, the following formulae can be derived.

From A to B:

L+ vtAB= ctAB

where:

L = the length of the clock as observed by the moving observer

vtAB = the distance the clock has moved in the time the light passes from A to B

ctAB = the distance the light has travelled passing from A to B.

Transposing the equation to make tAB the subject:

tAB= L

c− v
From B to A:

L− vtBA= ctBA

where:

vtBA = the distance the clock has moved in the time the light passes from B back to A

ctBA = the distance the light has travelled passing from B back to A.

Transposing the equation to make tBA the subject:

tBA= L

c+ v
As A moves to meet the light, the time tBA is less than tAB. The total time is:

t = tAB+ tBA

= L

c− v + L

c+ v
= 2Lc

c2− v2
= 2L

c

(

1− v2

c2

)

According to the time dilation formula:

t= t0
√

1− v2

c2
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Substituting this for the time in the moving clock gives:

t0
√

1− v2

c2

= 2L

c

(

1− v2

c2

)

t0 = 2L

c

√

1− v2

c2

Substituting t0= 2L0

c
gives:

2L0

c
= 2L

c

√

1− v2

c2⇒L0 = L
√

1− v2

c2

or L=L0

√

1− v2

c2

The formula L=L0

√

1− v2

c2
is known as the length contraction formula or the Lorentz contraction formula after

one of the early pioneers of relativity theory, Hendrik Antoon Lorentz (1853–1928). Length contraction is the
shortening of an object in its direction of motion when measured from a reference frame in motion relative to the
object.

proper length the length
measured in the rest frame of
the object

The proper length of an object, L0, is the length measured in the frame of
reference where the object is at rest. L is the length as measured from an inertial
reference frame travelling at a velocity v relative to the object. This change
in length applies only to the length along the direction of motion. The other
dimensions are not affected by this contraction.

The proper length is contracted by a factor of
1𝛾 :

L= L0𝛾
where: 𝛾 = 1

√

1− v2

c2

is the Lorentz factor

v is the speed of the moving frame of reference, in m s−1

c is the speed of light in a vacuum, in m s−1

L is the length measured in the reference frame of the observer, in m

L0 is the length measured in the reference frame of the observed object, or the
reference frame in which objects are at rest (proper length), in m

The Lorentz contraction is negligible at velocities that are commonly experienced. Even at a relative speed of
10% the speed of light, the contraction is less than 1%. As speed increases beyond 0.1c, however, the contraction
increases until at relative speed c, the length becomes zero.
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FIGURE 11.19 A spaceship travelling at high speed has its length contracted (in the direction of motion)

At rest v = 0.86cv = 0

As a matter of fact

George Fitzgerald and Hendrik Lorentz independently proposed an explanation for the result of the Michelson–
Morley experiment (in 1889 and 1892 respectively). If the length of the apparatus contracted in the direction of
Earth’s movement, then the light would take the same time to travel the two paths. This explanation assumed that
the aether existed and that light would travel at constant speed through it; therefore, light would travel at different
speeds relative to Earth as Earth moved through the aether. This explanation was not completely satisfying as
there was no known force that would cause the contraction, and the aether had never been directly detected. The
contraction would be measured by those in the reference frame at rest with respect to the aether.

In special relativity, any observer in motion relative to an object measures a contraction. As the contraction is
simply a feature of observation from different reference frames, no force is required to cause the contraction.
Nothing actually happens to the object in its reference frame.

SAMPLE PROBLEM 10 Application of length contraction
tlvd-9036

Observers on Earth see that the length of a spacecraft travelling at 0.5c has contracted. By what
percentage of its proper length is the spacecraft contracted according to the observers?

THINK WRITE

1. Determine the Lorentz factor, 𝛾 = 1
√

1− v2

c2

,

for v= 0.5c.
𝛾 = 1

√

1− v2

c2= 1
√

1− (0.5c)2
c2= 1

√

1− 0.25c2
c2= 1

√

1− 0.25= 1.155
2. Using the Lorentz contraction formula,

determine the ratio
L

L0

.

L = L0𝛾
L

L0

= 1𝛾= 1

1.155= 0.866
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3. Interpret the ratio
L

L0

as a percentage. The spacecraft appears to be only 0.866 or 86.6%
of its proper length. This is a contraction of 13.4%.

PRACTICE PROBLEM 10

Rebecca and Madeline take measurements of the journey from Melbourne to Sydney. Rebecca stays
in Melbourne and stretches a hypothetical tape measure between the two cities. Madeline travels
towards Sydney at great speed and measures the distance with her own measuring tape that is in her
own reference frame.
a. How would the two measurements compare, assuming that perfect precision could be achieved?
b. Which measurement could be considered to be the proper length of the journey? Explain.

EXTENSION: The twins paradox

A paradox is a seemingly absurd or contradictory statement. Relativity provides a few paradoxes that are useful
in teaching the implications of relativity. The ‘twins paradox’ is probably the best known. Despite its name, the
twins paradox is explained fully by the logic of relativity.

Imagine a spacecraft that starts its journey from Earth. After three years in Earth time, it will turn around and
come back, so that those on Earth measure the total time between the events of the launch and the return to take
six years. The astronaut, Peter, leaves his twin brother, Mark, on Earth. During this time, Peter and Mark agree
that Earth has not moved from its path through space; it is Peter in his spaceship who has gone on a journey
and has experienced the effects of acceleration that Mark has not. Mark measures the length of Peter’s journey
from Earth. His measurement is longer than Peter’s due to length contraction, but the speed of Peter is measured
relative to Earth. They disagree on distance travelled but not speed, so they must disagree on time taken. This is
not just an intellectual dispute — the difference in time will show in their ageing, with Peter actually being younger
than Mark on his return to Earth.

People all go on a journey into the future; time cannot be stopped. Relativity shows that the rate at which time
progresses depends on the movements made through space on the journey. Coasting along in an inertial
reference frame is the longest path to take. Zipping through different reference frames then returning home
enables objects to reach the future in a shorter time: they take a longer journey through space but a shorter
journey through time.

The twins scenario may sound incredible, but it has been verified experimentally. The most accurate clocks ever
built are atomic clocks. They make use of the oscillations of the atoms of particular elements. The period of this
oscillation is unaffected even by quite extreme temperatures and accelerations, making the clocks without rival
in terms of accuracy. These clocks have been flown around the world on airliners, recording less elapsed time
than for similar clocks that remained on the ground. The effect is tiny, but the clocks have more than adequate
precision to detect the difference. The difference measured is consistent with the time difference predicted by
special relativity.

EXTENSION: The parking spot paradox

Can a long car enter a parking spot that is too short for it by making use of length contraction? The answer is yes
and no. To explain, consider another famous paradox of relativity.

Charlotte’s car is 8-m long and she proudly drives it at a speed of 0.8c. She observes her friend Alexandra, who
is stationary on the roadside, and asks her to measure the length of her car. (For the sake of argument, the issues
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of how a car could travel at such a huge speed, and how Alexandra communicates with Charlotte and measures
the car will be ignored.)

Alexandra says that Charlotte must be dreaming if she thinks her car is 8-m long, because she measures it to be
only 4.8-m long. She believes her measurements are accurate.

To prove her point, Alexandra marks out a parking spot 4.8-m long. She says that if Charlotte can park her car in
the spot, then the car is not as long as she thinks. Charlotte argues that her car will not fit into a parking spot
4.8-m long, but she agrees to the test.

From Charlotte’s frame of reference, the parking spot would be merely 2.9-m long. This is because it has a length
contraction due to the car’s relative motion of 0.8c. Alexandra’s measuring equipment detects that the front
of the car reaches the front of the parking spot at the same instant as the back of the car arrives at the back.
However, much to Alexandra’s amazement, the stopped car is 8-m long. Charlotte and Alexandra now agree
that the stopped car does not fit the 4.8-m parking spot, and that it has a length of 8 m. This may at first seem
impossible, which is why it is sometimes called a paradox. Once you consider that Charlotte and Alexandra do
not agree on which events are simultaneous, the paradox is resolved. Alexandra measured the front and the back
of the car to be within the parking spot at the same time but did not check that the front and back had stopped.

FIGURE 11.20 The parking spot paradox, where a. shows Alexandra’s view and b. shows the view from
Charlotte’s frame of reference

a. b.

11.4 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

11.4 Quick quiz 11.4 Exercise 11.4 Exam questions

11.4 Exercise

1. If a box was moving away from you at nearly light speed, which dimensions of the box would undergo length
contraction from your perspective: width, height or depth?

2. An alien spacecraft speeds through the solar system at 0.8c.
a. What is the effect of its speed on the length of the spacecraft from the perspective of an alien on board?
b. What is the effect of its speed on the length of the spacecraft from the perspective of the Sun?
c. At what speed does light from the Sun reach it?

3. A high-energy physicist detects a particle in a particle accelerator that has a half-life of 20 s when travelling at
0.99c.
a. Calculate the particle’s half-life in its rest frame.
b. The detector is 5-m long. How long would it be in the rest frame of the particle?
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4. An astronaut on a spacewalk sees a spacecraft passing at 0.9c. The spacecraft has a proper length of 100 m.
What is the length of the spacecraft L due to length contraction according to the astronaut?

5. A rocket of length 12.0 m passes an observer on the Moon. The observer measures the passing rocket to be
8.0-m long. Calculate the velocity of the rocket, in terms of c, in the reference frame of the Moon-based
observer.

11.4 Exam questions

Question 1 (4 marks)
Source: VCE 2021, Physics Exam, Section B, Q.10; © VCAA

A new spaceship that can travel at 0.7c has been constructed on Earth. A technician is observing the spaceship
travelling past in space at 0.7c, as shown in Figure 10. The technician notices that the length of the spaceship
does not match the measurement taken when the spaceship was stationary in a laboratory, but its width matches
the measurement taken in the laboratory.

length

Figure 10

0.7c

width

a. Explain, in terms of special relativity, why the technician notices there is a different measurement for the length
of the spaceship, but not for the width of the spaceship. (2 marks)

b. If the technician measures the spaceship to be 135-m long while travelling at a constant 0.7c, what was the
length of the spaceship when it was stationary on Earth? Show your working. (2 marks)

Question 2 (1 mark)
Source: VCE 2019, Physics Exam, Section A, Q.13; © VCAA

MC Joanna is an observer in Spaceship A, watching Spaceship B fly past at a relative speed of 0.943c (𝛾 =
3.00). She measures the length of Spaceship B from her frame of reference to be 150 m.

Spaceship A

Spaceship B

Which one of the following is closest to the proper length of Spaceship B?
A. 50 m
B. 150 m
C. 450 m
D. 900 m

Question 3 (2 marks)
Source: VCE 2017, Physics Exam, Section B, Q.10; © VCAA

The length of a spaceship is measured to be exactly one-third of its rest length as it passes by an observing
station. What is the speed of this spaceship, as determined by the observing station, expressed as a multiple
of c?
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Question 4 (2 marks)
Source: VCE 2017, Physics Exam, Section B, Q.11.b; © VCAA

Tests of relativistic time dilation have been made by observing the decay of short-lived particles. A muon,
travelling from the edge of the atmosphere to the surface of Earth, is an example of such a particle.

To model this in the laboratory, another elementary particle with a shorter half-life is produced in a particle
accelerator. It is travelling at 0.99875c

(𝛾= 20
)

. Scientists observe that this particle travels 9.14 × 10–5 m in a
straight line from the point where it is made to the point where it decays into other particles. It is not accelerating.

Calculate the distance that the particle travels in the laboratory, as measured in the particle’s frame of reference.

Question 5 (1 mark)
Source: VCE 2016, Physics Exam, Section B, Q.7; © VCAA

MC A space lab travelling at u = 0.8c
(𝛾= 1.67

)

away from Earth can record high-energy charged particles
passing through its detectors. One particle is travelling towards Earth at v = 0.91c

(𝛾= 2.4) relative to the
space lab.

Two detectors, numbered 1 and 2 in Figure 4, are 2.0 m apart in the space lab’s frame.

*

1

*

2

space lab

Figure 4

charged

particle

detector
Earth

uv

How far apart are the two detectors in this particular particle’s frame?
A. 0.83 m
B. 1.2 m
C. 3.3 m
D. 4.8 m

More exam questions are available in your learnON title.

11.5 Relativity is real

KEY KNOWLEDGE

• Explain and analyse examples of special relativity including that:
• muons can reach Earth even though their half-lives would suggest that they should decay in the

upper atmosphere
• particle accelerator lengths must be designed to take the effects of special relativity into account
• time signals from GPS satellites must be corrected for the effects of special relativity due to their

orbital velocity

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

In this topic, the term observer is frequently used. Much of the imagery used in teaching relativity is in principle
true but in practicality it is fantasy. Observing in detail anything that is moving at close to the speed of light is
not feasible. However, measuring distances and times associated with these objects is reasonable. Images formed
of objects moving at speeds approaching c will be the result of time dilation, length contraction and other effects
including the relativistic Doppler effect and the aberration of light.
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Imagine speeding through space in a very fast spacecraft. When you planned your trip on Earth, you forgot to
take relativity into account. Everything on board would appear normal throughout the trip, but when you looked
out the front window, the effects of relative speed would be obvious. Some examples of what you would see
include: the aberration of light, causing the stars to group closer together so that your forward field of vision
would be increased; the Doppler effect, causing the colours of stars to change; and the voyage taking much less
time than you expected.

11.5.1 The journey of muons
Bruno Rossi and David Hall performed a beautiful experiment in 1941, the results of which are consistent with
both time dilation and length contraction.

Earth is constantly bombarded by energetic radiation from space, known as cosmic radiation. These rays collide
with the upper atmosphere, producing particles known as muons. Muons are known to have a very short half-
life, measured in the laboratory to be 1.56 microseconds. Given the speed at which they travel and the distance
they travel through the atmosphere, the vast majority of muons would decay before they hit the ground.

The Rossi–Hall experiment involved measuring the number of muons colliding with a detector on top of a tall
mountain and comparing this number with how many muons were detected at a lower point. They found that far
more muons survived the journey through the atmosphere than would be predicted without time dilation. The
muons were travelling so fast relative to Earth that the muons decayed at a much slower rate for observers on
Earth than they would at rest in the laboratory. The journey between the detectors took about 6.5 microseconds
according to Earth-based clocks, but the muons decayed as though only 0.7 microseconds had passed. Due to
length contraction, the muons did not see the tall mountain but, rather, a small hill. Rossi and Hall were not
surprised that the muons survived the journey.

FIGURE 11.21 Muons are a measurable example of special relativistic effects.

2000 m

a. b.

Detector 1

Detector 1

Detector 2

Detector 2

Muons

Muons

Figure 11.21 shows how the Rossi–Hall experiment was conducted. In figure 11.21a, the number of muons
decaying between detectors 1 and 2 implies that less time has passed for the muons than Earth-based clocks
suggest. In figure 11.21b, the muons see the distance between the detectors greatly contracted.
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SAMPLE PROBLEM 11 Exploring the proper time and speed of muons and the value of 𝛾
using the Rossi–Hall experimenttlvd-9037

Use the description of the Rossi–Hall experiment to answer the following questions.
a. What is the proper time for the half-life of muons?
b. What is the value of gamma as determined from the journey times from the different reference

frames?
c. How fast were the muons travelling though the atmosphere according to the value for gamma?
d. Calculate the half-life of the muons from the reference frame of Earth.

THINK WRITE

a. The proper time for the half-life is in the
reference frame of the muon.

a. The proper time for the half-life of muons is
1.56 microseconds.

b. Use the time dilation formula with t = 6.5 and
t0 = 0.7 to calculate the value of gamma.

b. t = t0𝛾
𝛾 = t

t0= 6.5
0.7= 9.29

c. Use the expression for the Lorentz factor,𝛾 = 1
√

1− v2

c2

, to calculate the velocity of the

muons.

c. 𝛾 = 1
√

1− v2

c2

v = c

√

1− 1𝛾2
= c

√

1− 1

9.292= 0.994c
The muons were travelling at 99.4% of the
speed of light.

d. Use the time dilation formula, t=𝛾t0, to
calculate the half-life of the muons from the
reference frame of Earth.

d. t = 𝛾t0= 9.29× 1.56 μs= 14.5 μs
The half-life of muons as viewed from Earth
is 14.5 microseconds compared to the 1.56
microseconds as experienced by the muons.

PRACTICE PROBLEM 11

Use the description of the Rossi–Hall experiment introduced earlier to answer the following questions.
a. Use the travel time from Earth’s reference frame and the speed of the muons to calculate the

height of the mountain.
b. Use the travel time of the muons to determine how high the mountain appeared to the muons.

Just as the measured height of a mountain in the muons’ rest frame is contracted (smaller) than the height of a
mountain in the rest frame of that mountain, so too is the length that an accelerated charged particle travels in an
accelerator when viewed in the rest frame of the particle being accelerated.
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11.5.2 Particle accelerators and special relativity
Particle accelerators, as the name suggests, are designed to make particles such as electrons and protons move
at high velocity, often approaching the speed of light. As a consequence, the time taken for a particle to travel
the length of an accelerator can be substantially different in the laboratory frame when compared to the rest
frame of the particle. The distance travelled by an accelerated particle can also be fundamentally different due
to the high speed of the particles when viewed from both the rest frame of the particle and the rest frame of
the laboratory. This is relevant in accelerators designed to make x-rays, such as the synchrotron at Monash
University, or in large particle accelerators to study collisions between fundamental particles, such as at CERN,
where accurate time and distance measurements are required. If the speed of the particles in the laboratory frame
is known, then both time dilation and length contraction effects can be calculated. Compared to the proper length
of an accelerator, the length of an accelerator in the rest frame of an accelerated particle would be substantially
less. Likewise, the time taken to traverse the length of an accelerator in the rest frame of the particle would be
substantially greater when compared to the time taken in the rest frame of the accelerator.

Note that, in the scope of the VCE Physics study design, special relativity is applied only to inertial frames of
reference, which are frames not undergoing an acceleration.

Particles moving at a constant speed in circular accelerators are accelerated (their speed is constant, but not their
direction) thus circular motion is not an inertial frame of reference and as such is not covered in this topic.

11.5.3 Time dilation and modern technology

FIGURE 11.22 With a GPS device you can know your position
to within a few metres.

Time dilation has great practical
significance. A global positioning system
(GPS) is able to tell you where you are,
anywhere on Earth, in terms of longitude,
latitude and altitude, to within a few metres.
To achieve this precision, the system has
to compensate for time dilation, because
it depends on time signals from satellites
moving in orbit. Einstein’s general relativity
also shows that the difference in gravity
acting on a satellite in orbit affects the time
significantly. Note, however, that general
relativity is not included in the VCE Physics
study design. Nanosecond accuracy is
required for a GPS but, if Newtonian physics
was used, the timing would be out by more
than 30 microseconds per day. This equates
to an error of roughly 11 km per day. GPSs are widely used in satellite navigation, and ships, planes, car drivers
and bushwalkers can find their position far more accurately than they ever could using a map.

Real-life examples of special relativity

• The time dilation experienced by muons travelling at relativistic speed allows them to reach Earth’s
surface before they decay.

• In a particle accelerator, in the frame of reference of a particle moving at high speed, the length, in the
direction of motion, of the accelerator appears shorter (contracted) to the particle.

• In GPS navigation, relativistic effects have to be taken into account as GPS satellites move at high
speed in orbit around Earth.
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11.5 Quick quiz 11.5 Exercise 11.5 Exam questions

11.5 Exercise

1. Explain why muons reach the surface of Earth in greater numbers than would be predicted by classical
physics, given their speed, their half-lives and the distance they need to travel through the atmosphere.

2. A muon forms 30 km above Earth’s surface and travels straight down at 0.98c. From its frame of reference,
what is the distance it has to travel through the atmosphere?

3. The proper time for the half-life of a muon is 1.56 microseconds. If the muon moves at 0.98c relative to an
observer, what does the observer measure its half-life as?

4. Explain how muons produced by cosmic rays became an early confirmation of special relativity.
5. An anti-proton is travelling in the straight section of a particle accelerator after being accelerated to 0.99c. The

length of the straight beam-line is 1200 m. Calculate the length of the linear portion of the accelerator in the
rest frame of the anti-proton.

6. After being accelerated, electrons travel at a constant speed in a linear accelerator of natural length 140.0 m.
From the frame of reference of the electron this length is only 20.0 m.
a. At what speed are the electrons travelling?
b. From the rest frame of the laboratory how long does it take for an electron to complete one circuit within

the beam-line?

11.5 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.19; © VCAA

MC A particle produced in a linear particle accelerator is travelling at a speed of 2.99×108 m s−1.

Take the speed of light to be 3.00×108 m s−1. Which one of the following is closest to the Lorentz factor (𝛾) of
the particle?
A. 5.51
B. 7.86
C. 12.3
D. 15.1

Question 2 (2 marks)
Source: VCE 2022 Physics Exam, Section B, Q.11; © VCAA

Explain why muons formed in the outer atmosphere can reach the surface of Earth even though their half-lives
indicate that they should decay well before reaching Earth’s surface.

Question 3 (4 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.11; © VCAA

An experiment is set up at a linear accelerator research facility to study muons. The muons created at the
research facility are measured to have a speed of 0.950c (𝛾= 3.20).
a. One muon has a lifetime of 2.3µs, as measured in the muon’s frame of reference.

Calculate this muon’s lifetime, as measured by the researchers. Show your working. (2 marks)
b. In one observation, a 0.950c muon travels 1.5 km, as measured by the researchers.

If measured in the muon’s frame of reference, would this length be the same, shorter or longer? Use a
calculation to justify your answer. (2 marks)
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Question 4 (1 mark)

MC An investigator wished to explore muons and found that the proper time experienced by muons travelling
between two detectors was 0.32 microseconds. This muon was travelling at 99.4% of the speed of light. The
observed time from Earth’s reference frame was 4.3 microseconds. The height of the mountain as observed by
muons would be:
A. 1282 m.
B. 128 m.
C. 95 m.
D. 950 m.

Question 5 (3 marks)

A GPS satellite has an orbital speed of 14 000 km h−1. Due to its speed, a clock inside the satellite lags by 7 µs
each day compared to a clock on Earth. Given that a GPS signal travels at the speed of light, c=3.0×108 m s−1,
explain why it is necessary for a GPS clock to compensate for the relativistic effect due to its orbital velocity, and
to be accurate to the nanosecond, to provide an accurate position on Earth.

More exam questions are available in your learnON title.

11.6 Einstein’s relationship between mass and energy

KEY KNOWLEDGE

• Interpret Einstein’s prediction by showing that the total ‘mass–energy’ of an object is given by:
Etot =Ek +E0 =𝛾mc2 where E0 =mc2, and where kinetic energy can be calculated by: Ek = (𝛾− 1

)

mc2

• Apply the energy-mass relationship to mass conversion in the Sun, to positron-electron annihilation and to
nuclear transformations in particle accelerators (details of the particular nuclear processes are not required).

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

11.6.1 Mass is a type of energy
In Newtonian physics, the work done in accelerating an object is equal to the increase in the kinetic energy of
the object, and energy is conserved.

Work done (W) = Force (F) × displacement (s) = Gain in kinetic energy (ΔEk)

Since Ek= 1

2
mv2:

ΔEk= 1

2
m
(

v2− u2
)=F× s

relativistic mass the mass of
a body in motion, relative to an
observer, also known as inertial
mass

Both Newton’s laws and special relativity show that energy is conserved.
However, the previous equation does not hold in Einstein’s special theory of
relativity. When work is done on a particle, some of the energy transferred
goes towards increasing the relativistic mass of the particle. As we will see, in
special relativity there is a proper mass, usually referred to as the rest mass, and a
relativistic mass dilated by a factor 𝛾.
It was in exploring these ideas that Einstein came up with the idea that energy and mass were equivalent and
interchangeable, leading to the result of special relativity that people are most familiar with: the equation
E = mc2. In fact, it is probably the most well-known equation of all. This formula expresses an equivalence
of mass and energy. If work, E, is done on an object, that is, its energy is increased, its mass will increase.
Usually, however, this increase in mass is not noticed because it is very small compared to the factor
c2= 9.0× 1016 m2 s−2. According to ΔE = Δmc2, it would take 9.0× 1016 J of energy to increase a mass by 1 kg.
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This is similar to the amount of electrical energy produced in Victoria every year. Conversely, if a 1-kg mass
could be converted into electricity, Victoria’s electricity needs would be supplied for a year. Nuclear fission
reactors produce electricity from the small loss of mass that occurs when large nuclei such as those of
uranium-235 undergo fission. The Sun and other stars generate their energy by losing mass to nuclear fusion.

EXTENSION: Deriving the equation E = mc2

A simplified derivation of this equation can help to gain a sense of the physics involved. Consider a box
suspended in space, with no external forces acting on it, as shown in figure 11.23. Maxwell found that

electromagnetic radiation carries momentum p= E

c
where E is the energy transmitted and c is the speed of

light. In the context of photons, each photon carries a momentum p= E

c
. As a result, light exerts pressure on

surfaces. This effect can nudge satellites out of orbit over time (orbit decay).

In diagram (a) of figure 11.23, the box begins at rest. The total momentum is zero and its centre of mass is in the
centre.

In diagram (b) of figure 11.23, a photon of energy E is emitted from end A travelling to the right, carrying
momentum with it. To conserve momentum, the box moves in the direction opposite to the movement of the
photon, to the left.

FIGURE 11.23 Einstein’s box suspended in space

Momentum = − mboxv = 0v =

A B

A B

A B

Centre of
mass

Centre of
mass

Centre
of mass

Momentum = 0

a. The box begins at rest.

Momentum = 0

b. A photon is emitted from end A.

c. The box has moved a distance x
  to the left.

x

Photon

velocity = c

E

mboxc

E

c

⇒pphoton +pbox = 0

E

c
−mboxv = 0

Rearranging gives the velocity of the box in the leftward direction, v= E

mboxc
, a very small number!

In diagram (c) of figure 11.23, after time ∆t, the light pulse strikes the other end of the box and is absorbed. The
momentum of the photon is also absorbed into the box, bringing the box to a stop. In this process, the box has
moved a distance x where x = v∆t.
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Substituting v= E

mboxc
from diagram (b) gives:

x= E∆t
mboxc

As v is very small (almost non-existent), it can be assumed that the photon travels the full length of the box.

Substituting ∆t= L

c
into x= E∆t

mboxc
gives:

x= EL

mboxc
2

or E= xmboxc
2

L
.

There are no external forces acting on the box, so the position of the centre of mass must remain unchanged (see
the dotted line in the diagram). The box moved to the left as a result of the transfer of the energy of the photon
to the right. Therefore, the transfer of the photon must be the equivalent of a transfer of mass. If you can show

that
xmbox

L
is the same as the mass equivalent of the transferred energy, you have your answer. To show this,

attention must be paid to the shift in the box relative to the centre of mass of the system.

The centre of mass is the point where the box would balance if suspended. This can be determined by balancing
moments — the mass times the distance from a reference point. The centre of the box is chosen as the reference
point to ensure that the distance x is in the calculations. The moment for the box is mboxx anticlockwise, because
the mass of the box can be considered to be acting through a point at distance x to the left of the reference

point. The photon’s equivalent mass is acting at distance
L

2
to the right of the reference point, so its moment is

m
L

2
clockwise. However, this moment was acting on the other end of the box before the photon was emitted, so

you can consider its absence from that end of the box as an equal moment in the same direction. Therefore:

mboxx =m
L

2
+m

L

2

or m = mboxx

L
as required.

Substitute this into E= xmboxc
2

L
and E = mc2 is obtained.

FIGURE 11.24 Balancing Einstein’s box

Photon mass–energy

missing = −m

Photon mass–energy

gained = m

Centre of mass of the

box after the photon

is reabsorbed

When x is chosen correctly,

the box will balance here.

x

Centre of mass of the box before the

photon is emitted. Choose this as the

reference point; mbox acts through here.

In other words, when the photon carried energy to the other end of the box, it had the same effect as if it had
carried mass. In fact, Einstein concluded that energy and mass are equivalent. If you say that some energy has
passed from one end of the box to the other, you are equally justified in saying that mass has passed as well.
Note the distinction: the photon carries an amount of energy that is equivalent to an amount of mass, but the
photon itself does not have mass.
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ΔE=Δmc2
where: ΔE is the change in energyΔm is the change in mass

c is the speed of light

One implication of this is that the measurement of mass depends on the relative motion of the observer. The
kinetic energy of a body depends on the inertial reference frame from which it is measured. The faster the
motion, the greater the kinetic energy. So kinetic energy is relative, and so is mass! Energy is equivalent to mass,
so the mass of an object increases as its velocity relative to an observer increases.

rest mass mass of an object
measured at rest

The mass of an object that is in the same inertial frame as the observer is called its
rest mass (m0). When measured from other reference frames, the mass is given by
m=m0𝛾. The derivation of this is complex, so it will not be addressed here.

SAMPLE PROBLEM 12 Exploring why a mass cannot exceed the speed of light
tlvd-9038

Use m=m0𝛾 to show that it is not possible for a mass to exceed the speed of light.

THINK WRITE

1. Consider the effect on gamma as v→ c. As v→ c, 𝛾→ 1
√

1− c2

c2

→∞
So, as v→ c, 𝛾 becomes infinitely large.

2. Consider the effect on m as v→ c. m=m0𝛾, so as v→ c, 𝛾→∞, m→∞.
An object travelling at c would have infinite mass.

3. Consider the effect on gamma if v> c. 𝛾 = 1
√

1− v2

c2

If v> c, then
v2

c2
> 1 and 1− v2

c2
< 0.

Speeds larger than c would produce a negative under
the square root sign, so these speeds are not possible.

PRACTICE PROBLEM 12

Earth (m = 6 × 1024 kg) moves around the Sun at close to 30 000 m s−1. From the Sun’s frame of
reference, how much additional mass does Earth have?
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SAMPLE PROBLEM 13 Calculating the mass increase of an accelerated proton
tlvd-9039

Calculate the mass increase of a proton that is accelerated from rest using 11 GeV of energy, an
energy that can be achieved in particle accelerators.

THINK WRITE

1. Convert 11 GeV into joules. ΔE = 11 GeV= 11× 109 × 1.6× 10−19 J= 1.76× 10−9 J

2. Use the equation ΔE=Δmc2 to determine the
mass increase that corresponds with a change
in energy of 11 GeV.

ΔE = Δmc2Δm = ΔE
c2= 1.76 × 10−9 J
(

3 × 108 m s−1
)2= 1.96 × 10−26 kg

Note that the rest mass of a proton is 1.67 × 10−27 kg,
so the accelerated proton behaves as though its mass
is nearly 12 times its rest mass.

PRACTICE PROBLEM 13

A particle physicist accelerates a proton from rest using 3.45 × 10–10 J of energy. What is the mass
increase of the proton if the rest mass of the proton is 1.67 × 10–27 kg?

SAMPLE PROBLEM 14 Calculating the speed of a proton using electron volts
tlvd-9040

In Newtonian physics, if a proton is given 11 GeV of kinetic energy, what would its speed be?

THINK WRITE

Use the formula Ek= 1

2
mv2 to determine the

speed of the proton, ensuring that the value for
kinetic energy used in the formula is in joules.
Where the kinetic energy, Ek= 11 GeV or
1.76 × 10–9 J, and the mass of a proton,
m = 1.67 × 10–27 kg.

Ek = 1

2
mv2

v =√

2Ek

m

=√

2× 11× 109 × 1.6× 10−19

1.67× 10−27= 1.45× 109 m s−1

This speed is not possible as the maximum speed
attainable is 3.0 × 108 m s−1.

PRACTICE PROBLEM 14

Use Newton’s laws to determine the speed of the proton from practice problem 13. What conclusions
can you make about Newtonian physics compared to Einstein’s physics?
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The solution to sample problem 14 is well in excess of the speed of light and is an example of the limitations of
Newtonian physics. In relativity, when more energy is given to a particle that is approaching the speed of light,
the energy causes a large change in mass and a small change in speed. By doing work on the particle, the particle
gains inertia, so the increase in energy has an ever-decreasing effect on the speed. The speed cannot increase
beyond the speed of light, no matter how much energy the particle is given.

In particle accelerators, where particles are accelerated to near the speed of light, every tiny increase in the speed
of the particles requires huge amounts of energy. Physicists working in this field rely on ever-higher energies to
make new discoveries. This costs huge amounts of money. Nonetheless, a number of accelerators have been built
that are used by scientists from around the world. This area of research is often called high-energy physics. At
these high energies, Newtonian mechanics is hopelessly inadequate and Einstein’s relativity is essential.

In particle accelerators, particles such as protons have been accelerated close to the speed of light but, regardless
of the amount of energy provided, their speed never exceeds c, the speed of light in a vacuum. With 120GeV for
instance, protons can reach 0.999 97c, while with nearly 60 times more energy, they can reach 0.999 999 991c.

As the speed of the particles increases, so does their inertia. It would take an infinite amount of energy for any
particle that has mass to reach c.

FIGURE 11.25 Particle accelerators such as the Australian Synchrotron in Melbourne accelerate subatomic
particles to near light speeds, where special relativity is essential for understanding the behaviour of the particles.
Electrons in the Australian Synchrotron have kinetic energies up to 3 GeV.

11.6.2 Kinetic energy in special relativity

mass–energy concept used to
describe mass and energy as
equivalent, given by E = mc2

This equivalence of mass and energy has resulted in the term mass–energy. The mass–energy of any object is
given by E=mc2. With mass–energy, a moving particle has kinetic energy and rest energy. Rest energy is the
energy equivalent of the mass at rest given by E0=m0c

2.

Therefore:

Etot=Ek+E0
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Substituting for Etot and E0:

mc2=Ek+m0c
2

Rearranging and substituting,

Ek = mc2−m0c
2= m0𝛾c2−m0c

2= (𝛾 − 1)m0c
2

The kinetic energy of a particle can be calculated using:

Ek = (𝛾− 1)m0c
2

where: Ek is the kinetic energy of the particle, in J

𝛾 is the Lorentz factor 𝛾 = 1
√

1− v2

c2

m0 is the rest mass of the particle, in kg

c is the speed of light, in m s−1

v is the speed of the moving frame of reference, in m s−1.

This is the expression we must use for kinetic energy when dealing with high speeds, particularly those
exceeding 10% of the speed of light.

SAMPLE PROBLEM 15 Calculating kinetic energy using special relativity and classical
physicstlvd-9041

Calculate the kinetic energy of a 10 000 kg spacecraft travelling at 0.5c and compare this with the

kinetic energy that you would calculate using classical physics
(

Ek = 1

2
mv2

) .
THINK WRITE

1. Use the formula Ek= (𝛾 − 1)m0c
2 to calculate

the kinetic energy of the spacecraft using special
relativity, with v = 0.5c

Ek = (𝛾 − 1)m0c
2

= (

1
√

1− 0.52 − 1

)× 10 000× (

3× 108
)2

= 1.39× 1020 J

2. Use the formula Ek= 1

2
mv2 to calculate the

kinetic energy of the spacecraft using classical
physics, with v= 0.5c= 0.5× 3× 108 m s−1.

Ek = 1

2
mv2

= 1

2
× 10 000× (

0.5× 3× 108
)2

= 1.13× 1020 J

3. Compare the values for the kinetic energy of the
spacecraft using special relativity and classical
physics.

The kinetic energy is
1.39
1.13 = 1.23 times the value

predicted by classical physics.
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PRACTICE PROBLEM 15

A particle accelerator is designed to give electrons 3 GeV of kinetic energy. How fast can it make
electrons travel?

11.6.3 Mass conversion in the Sun

FIGURE 11.26 The Sun’s energy comes
from nuclear fusion converting mass into
energy.

In Unit 1, you learned about the generation of energy in the
core of the Sun and other stars. One of the consequences of
Einstein’s great contribution to the understanding of relativity
is that scientists now understand a great deal about how energy
is generated by the Sun. At the centre of it all is the equation
E = mc2 (or more precisely, ΔE = Δmc2). The Sun continuously
converts mass–energy stored as mass into radiant light and heat.
Each second, the Sun radiates enough energy to meet current
human requirements for billions of years. It takes the energy
generated in the core about 100 000 years to reach the surface.
Even if the fusion in the Sun stopped today, it would take tens of
thousands of years before there was a significant impact on Earth.

Nuclear fusion
Nuclear fusion is the process of joining smaller nuclei to form
one larger, more stable nucleus. This process lowers the potential
energy of the combined particles, which in turn lowers the
total energy and hence the relativistic mass of these new more
stable nuclei, resulting in an output of energy in accordance
with ΔE = Δmc2. In essence, nuclear fusion is an exothermic process for isotopes of hydrogen and helium in
particular, but all the way up to iron in the periodic table, that produces energy to power stars. Extremely high
temperatures are required for nuclear fusion to occur, such as those found on the Sun and other stars.

The Sun is a ball made up mostly of hydrogen plasma and some ionised atoms of lighter elements. The
temperatures in the Sun ensure that virtually all of the atoms are ionised. The composition of the Sun is shown
in table 11.1.

TABLE 11.1 The composition of the Sun

Element Percentage of total number
of nuclei in the Sun

Percentage of total
mass of the Sun

Hydrogen 91.2 71.0

Helium 8.7 27.1

Oxygen 0.078 0.97

Carbon 0.043 0.40

Nitrogen 0.0088 0.096

Silicon 0.0045 0.099

Magnesium 0.0038 0.076

Neon 0.0035 0.058

Iron 0.0030 0.14

Sulfur 0.0015 0.040
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At this stage of the Sun’s life cycle, ionised hydrogen atoms (i.e. protons) provide the energy. The abundance of
protons and the temperatures and pressures in the core of the Sun are sufficient to fuse hydrogen, but not heavier
nuclei. The energies of the protons in the Sun have a wide distribution from cool, slow protons to extremely
hot, fast protons. Only the most energetic protons, about one in a hundred billion, have the energy required to
overcome the electrostatic repulsion and undergo fusion. The Sun is in a very stable phase of fusing hydrogen
that is expected to last for billions of years to come.

Fusion in the Sun occurs mainly through the following process:

1
1H+1

1H→2
1H+0

1𝛽++ neutrino
2
1H+1

1H→3
2 He+ gamma photon

3
2He+3

2 He→4
2 He+ 211H

which can be summed up by the following equation:

411H → 4
2He + 201β+ + 2 neutrinos + 2 gamma photons

The energy is released mainly through the gamma photons and the annihilation of the positrons when they meet
free electrons in the Sun. The net result is an enormous release of energy and a corresponding loss of mass.
The mass loss has been measured to be 4.4 Tg (4.4 × 109 kg) per second. As the mass of the Sun is around
2.0 × 1030 kg, even at this incredible rate, there is plenty of hydrogen to sustain it for about twice its age of four
and a half billion years.

SAMPLE PROBLEM 16 Accounting for the mass differences between the nucleus and
individual protons and neutronstlvd-9042

A nucleus of hydrogen-2 made of one proton and one neutron has a smaller mass than the total of an
individual proton and an individual neutron. Account for this mass difference.

THINK WRITE

Consider the mass–energy of the hydrogen-2
nucleus compared to the mass–energy of the
separate proton and neutron.

Deuterium (or hydrogen-2) has a mass of
3.3435× 10−27 kg. A proton has a mass of
1.6726× 10−27 kg and a neutron has a mass of
1.6759× 10−27 kg. This leads to a combined mass
of 3.3475× 10−27 kg, showing a mass difference of
0.004× 10−27 kg or 4.0× 10−30 kg. Deuterium has a
rest-mass and also binding energy that account for this
mass deficit. Using ΔE=mc2, the energy difference
from this mass deficit would be 3.6× 10−13 J.
It is clear that the mass of the nucleus is different to the
mass of the individual particles, but when the binding
energy of the hydrogen-2 nucleus is included, the mass–
energy of both is found to be the same. The separate
particles have their mass and zero potential energy. The
particles bound in the nucleus have a reduced mass and
the binding energy of the nucleus. (The binding energy
is the energy required to separate the particles. It is
released as a combination of increased kinetic energy
of the particles and gamma rays.)

TOPIC 11 Einstein’s special theory of relativity and the relationship between energy and mass 605



PRACTICE PROBLEM 16

Consider the following fusion reaction:

3
2He + 3

2He→ 4
2He + 211H

If 30 MeV of energy is released through this reaction, determine how much mass is lost through this
reaction. Do not forget to convert MeV to J.

SAMPLE PROBLEM 17 Determining the power output of the Sun
tlvd-9043

At the Sun’s core, a huge number of fusion reactions are constantly taking place. As such, the Sun
loses approximately 4.4 Tg of mass every second. What is the power output of the Sun?

THINK WRITE

1. Use the relationship E=mc2 to calculate the
energy released by the Sun when its mass loss
is 4.4 × 109 kg.

E = mc2= 4.4× 109 × (

3.0× 108
)2

J= 4.0× 1026 J

2. Use the relationship P= E

t
to calculate the

power output that corresponds to a mass loss of
4.4 × 109 kg s−1.

P = E

t= 4.0× 1026 J

1 s= 4.0× 1026 W
The mass loss of 4.4 × 109 kg s−1 equates to
a power output of 4.0 × 1026 W.

PRACTICE PROBLEM 17

If the mass of the Sun is approximately 2.0 × 1030 kg and it is estimated that the Sun loses
4.4 × 109 kg s−1 during nuclear fusion, how long would you estimate the Sun to be able to continue
providing energy for life on Earth?

Particles can also annihilate with their antiparticle and the mass lost is converted into energy, usually in the form
of photons. For example, an electron can annihilate with a positron to produce a pair of photons in accordance
with ΔE = Δmc2. This process is used to advantage in medical diagnostics with the PET (Positron Emission
Tomography) scan. Patients are injected with a radioactive isotope, which beta decays, emitting positrons. These
positrons annihilate with electrons, emitting a pair of photons moving away in opposite directions.
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SAMPLE PROBLEM 18 Calculating the energy of photons produced by the annihilation of
an electron and a positrontlvd-9044

The rest mass of an electron and a positron is 9.1× 10−31 kg. An event occurs where an electron
annihilates with a nearby positron and a pair of photons is produced. Calculate the energy of each of
the photons.

THINK WRITE
1. The mass of the two particles is converted

into energy.
ΔE=Δmc2 and soΔE = 2× 9.1× 10−31 × (

3× 108
)2

= 1.64× 10−13 J

2. The energy is equally shared with the two
photons.

Each photon has an energy
1.64× 10−13 J

2
.

Thus, the energy is 8.2× 10−14 J.

PRACTICE PROBLEM 18

At CERN, protons and anti-protons collide and are annihilated to produce energy from which
new particles may be formed. Calculate the available energy when a proton annihilates with an
anti-proton. Both particles have a mass of 1.6× 10−27 kg.
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11.6 Quick quiz 11.6 Exercise 11.6 Exam questions

11.6 Exercise

1. Use your knowledge of relativity to argue that matter cannot travel at the speed of light.
2. a. How much energy would be required to accelerate 1000 kg to:

i. 0.1c
ii. 0.5c
iii. 0.8c
iv. 0.9c?

b. Sketch a graph of energy versus speed using your answers to part a.
3. Explain in words what E = mc2 says about energy and mass.
4. Calculate the rest energy of Earth, which has a rest mass of 5.98 × 1024 kg.
5. Consider Earth to be a mass moving at 30 km s−1 relative to a stationary observer. Given that the rest mass of

Earth is 5.98 × 1024 kg, what would be the difference between this rest mass and the mass from the point of
view of the stationary observer?

6. What is happening to the mass of the Sun over time? Why?
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11.6 Exam questions

Question 1 (1 mark)
Source: VCE 2020 Physics Exam, Section A, Q.13; © VCAA

MC Matter is converted to energy by nuclear fusion in stars.

If the star Alpha Centauri converts mass to energy at the rate of 6.6×109 kg s−1, then the power generated is
closest to
A. 2.0×1018 W
B. 2.0×1018 J
C. 6.0×1026 W
D. 6.0×1026 J

Question 2 (1 mark)
Source: VCE 2018, Physics Exam, Section A, Q.14; © VCAA

MC Which one of the following statements about the kinetic energy, Ek, of a proton travelling at relativistic speed
is the most accurate?
A. The difference between the proton’s relativistic Ek and its classical Ek cannot be determined.
B. The proton’s relativistic Ek is greater than its classical Ek.
C. The proton’s relativistic Ek is the same as its classical Ek.
D. The proton’s relativistic Ek is less than its classical Ek.

Question 3 (3 marks)
Source: VCE 2018, Physics Exam, Section B, Q.15; © VCAA

A stationary scientist in an inertial frame of reference observes a spaceship moving past her at a constant
velocity. She notes that the clocks on the spaceship, which are operating normally, run eight times slower than
her clocks, which are also operating normally. The spaceship has a mass of 10 000 kg.

Calculate the kinetic energy of the spaceship in the scientist’s frame of reference. Show your working.

Question 4 (2 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.15; © VCAA

An unstable subatomic particle, known as a 𝜋0 meson, decays completely into electromagnetic radiation. The
rest mass of this 𝜋0 meson is 2.5×10−28 kg.

How much energy would be released by this 𝜋0 meson if it decays at rest?

Question 5 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.11; © VCAA

MC On average, the sun emits 3.8×1026 J of energy each second in the form of electromagnetic radiation, which
originates from the nuclear fusion reactions taking place in the sun’s core.

The corresponding loss in the sun’s mass each second would be closest to
A. 2.1×109 kg
B. 4.2×109 kg
C. 8.4×109 kg
D. 2.1×1012 kg

More exam questions are available in your learnON title.
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11.7.1 Topic summary
Velocity is relative

Time, distance and mass 

measurements are invariant

Good approximation at low 

velocities

Not accurate as 

relative speeds approach the 

speed of light

Classical physics does not 

include special relativity 

and quantum mechanics

There is no frame of reference 

that is at absolute rest

Velocity is always relative

 to a chosen reference frame

Velocities of masses are still 

relative 

The speed of light is

invariant

Measurement of time intervals,

lengths and masses is

relative to the reference frame

of the observer

Einstein’s two postulates 

of special relativity

The findings of the 

Michelson–Morley experiment 

disprove the existence 

of aether

Time dilation

Proper time

The laws of physics are the 

same in all inertial 

(non-accelerated) frames 

of reference

The speed of light has a 

constant value for all observers

regardless of their motion or

the motion of the source

Time interval between two 

events in a reference frame 

where the two events occur

at the same point in space

Length measured in the 

frame of reference in which 

objects are at rest

Muons can reach Earth even though their half-lives would 

suggest that they should decay in the upper

atmosphere

Particle accelerator lengths must be designed to 

take the effects of special relativity into account

Time signals from GPS satellites must be corrected for the 

effects of special relativity due to orbital

velocity

Length

contraction

Proper length

Relativity 

is real

Einstein’s 

relationship

between mass

and energy

Kinetic energy

Equivalence of 

mass and energy

t = t0γ

Ek = (γ – 1) m0c
2

L =
L0

γ

ΔE  = Δmc2

Lorentz factor
1

1 – v2

c2

=γ

√

Einstein’s 

special theory 

of relativity
Special relativity

Einstein’s special

theory of relativity 

and the relationship

between energy 

and mass
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11.7 Review questions
1. What is the difference between an inertial and a non-inertial reference frame?

2. How can you determine whether your car is accelerating or moving with constant velocity?

3. Explain, using the concept of velocity, why head-on collisions are particularly dangerous. Use an example.

4. a. What are Einstein’s two postulates of special relativity?
b. What is in these postulates that was not present in previous physics?

5. You observe that an astronaut moving very quickly away from you ages at a slower rate than you. The
astronaut views you as ageing faster than she ages. True or false? Explain.

6. It takes 5 min for an astronaut to eat his breakfast, according to the clock on his spacecraft. The clock on a
passing spacecraft records that 8 minutes passed while he ate his breakfast.

a. Which time is proper time?
b. What is the relative speed of the two spacecraft?

7. Travelling at near light speed would enable astronauts to cover enormous distances. Explain the difficulties
in terms of energy of achieving space travel at near light speed.

8. If a 250-g apple could be converted into electricity with 100% efficiency, how many joules of electricity
would be produced?

9. Much of Victoria’s electricity is produced by burning coal. What can you say about the mass of the coal and
its chemical combustion products as a result of burning it?

10. Part of the fusion process in the Sun involves the fusion of two protons into a deuteron. This results in the
release of 0.42 MeV of energy. What is the mass equivalent of this energy release?
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11.7 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 2022 Physics Exam, Section A, Q.18; © VCAA

Which one of the following is an example of an inertial frame of reference?

A. a bus travelling at constant velocity

B. an express train that is accelerating

C. a car turning a corner at a constant speed

D. a roller-coaster speeding up while heading down a slope

Question 2

Source: VCE 2022 Physics Exam, NHT, Section A, Q.10; © VCAA

Ning travels at 0.67c from Earth to the star Proxima Centauri, which is a distance of 4.25 light-years away, as
measured by an observer on Earth.

Which one of the following statements is correct?

A. In Ning’s frame of reference, the distance to Proxima Centauri is less than 4.25 light-years.

B. In Ning’s frame of reference, the distance to Proxima Centauri is more than 4.25 light-years.

C. According to Ning’s clock, the trip takes longer than the time measured by Earth-based clocks.

D. In Ning’s frame of reference, the distance to Proxima Centauri is exactly equal to 4.25 light-years.

Question 3

Source: VCE 2022 Physics Exam, NHT, Section A, Q.11; © VCAA

The star Betelgeuse is classified as a red supergiant. At the core of this star, three stationary helium nuclei fuse to
form one carbon nucleus and two gamma-ray photons, as represented by the equation below.

4He+4 He+4 He→12 C+𝛾+𝛾
The mass of one helium nucleus is 6.645×10−27 kg.

The mass of one carbon nucleus is 1.993×10−26 kg.

The energy released from the fusion of three helium nuclei is closest to

A. 5.0×10−30 J

B. 1.5×10−21 J

C. 4.5×10−13 J

D. 1.2×10−9 J

Question 4

Source: VCE 2021 Physics Exam, NHT, Section A, Q.13; © VCAA

Joanna is an observer in Spaceship P and is watching Spaceship Q fly past at a relative speed of
0.943c (𝛾= 3.00). She observes a stationary clock measuring a time interval of 75.0 s between two events in
Spaceship Q. This is a proper time interval.
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Spaceship P

Spaceship Q

Which one of the following is closest to the time interval observed between the two events in Spaceship P’s frame
of reference?

A. 15.0 s

B. 25.0 s

C. 125 s

D. 225 s

Question 5

Source: VCE 2021 Physics Exam, NHT, Section A, Q.20; © VCAA

A nucleus in an excited energy state emits a gamma ray of energy 3.6×10−13 J as it decays to its ground state.
The initial mass of the excited nucleus is Mi. The final mass of the nucleus after decay is closest to

A. Mi−4×10−30 kg

B. Mi−8×10−30 kg

C. Mi kg

D. Mi+4×10−30 kg

Question 6

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

An alien spaceship has entered our solar system and is heading directly towards Earth at a speed of 0.6c, as
shown in the diagram below. When it reaches a distance of 3.0×1011 m from Earth (in Earth’s frame of reference),
the aliens transmit a ‘be there soon’ signal via a laser beam.

0.6c

laser beam

How long will it take for the signal to reach Earth according to an observer on Earth?

A. 1.0 s

B. 1.7 s

C. 625 s

D. 1000 s
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Question 7

Source: VCE 2019 Physics Exam, NHT, Section A, Q.16; © VCAA

In a particle accelerator, magnesium ions are accelerated to 20.0% of the speed of light. Which one of the
following is closest to the Lorentz factor, 𝛾, for the magnesium ions at this speed?

A. 1.02

B. 1.12

C. 1.20

D. 2.24

Question 8

Source: VCE 2019 Physics Exam, NHT, Section A, Q.17; © VCAA

The lifetime of stationary muons is measured in a laboratory to be 2.2µs. The lifetime of relativistic muons
produced in Earth’s upper atmosphere, as measured by ground-based scientists, is 16µs. The resulting time
dilation observed by the scientists gives a Lorentz factor, 𝛾, of

A. 0.14

B. 1.4
C. 3.5
D. 7.3

Question 9

Source: VCE 2019 Physics Exam, NHT, Section A, Q.18; © VCAA

If a particle’s kinetic energy is 10 times its rest energy, Erest, then the Lorentz factor, 𝛾, would be closest to

A. 9

B. 10

C. 11

D. 12

Question 10

Source: VCE 2018 Physics Exam, NHT, Section A, Q.10; © VCAA

A linear accelerator (linac) accelerates an electron beam to an energy of 100 MeV over a distance of about 10 m.
After the first metre of acceleration in the linac, the electrons are travelling at approximately 99.9% of the speed of
light. The Lorentz factor, 𝛾, for an electron travelling at this speed would be closest to

A. 22.4
B. 44.8
C. 500

D. 1000

Section B — Short answer questions

Question 11 (2 marks)

Source: VCE 2022 Physics Exam, Section B, Q.9; © VCAA

A star is transforming energy at a rate of 2.90×1025 W.

Explain the type of transformation involved and what effect, if any, the transformation would have on the mass of
the star. No calculations are required.
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Question 12 (4 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.10; © VCAA

Jacinta is standing still while observing a spaceship passing Earth at a speed of 0.984c.

a. Calculate 𝛾 for this speed, correct to three significant figures. Show your working. (2 marks)

b. The spaceship is travelling to the Alpha Centauri star system in a straight line at this speed. In Jacinta’s frame
of reference, this distance is measured to be 4.37 light-years (that is, it would take light 4.37 years to travel this
distance).

Calculate the time that would be measured by Jacinta for the spaceship’s journey, correct to three significant
figures. Show your working. (2 marks)

Question 13 (3 marks)

Source:VCE 2019 Physics Exam, NHT, Section B, Q.17; © VCAA

A spaceship is travelling from Earth to the star system Epsilon Eridani, which is located 10.5 light-years from Earth
as measured by Earth-based instruments.

If the spaceship travels at 0.85c (𝛾= 1.90), determine the duration of the flight as measured by the astronauts on
the spaceship travelling to Epsilon Eridani. Take one light-year to be 9.46×1015 m. Show your working.

Question 14 (3 marks)

Source: VCE 2019 Physics Exam, NHT, Section B, Q.18; © VCAA

Alien astronauts are travelling between star systems aboard a cube-shaped spaceship, as shown in Figure 16.
The sides of the cube along the x-axis, y-axis and z-axis measure 3.20×103 m in the spaceship’s frame of
reference.

The spaceship passes Bob, who is on a space station, at speed v=0.990c (𝛾= 7.09).

y

x

z

v

Bob

spaceship

direction of travel

Figure 16

In the table below, determine the dimensions of the cube-shaped spaceship as measured from Bob’s frame of
reference and explain your reasoning.

length of side along x-axis m

length of side along y-axis m

length of side along z-axis m
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Question 15 (3 marks)

Source: VCE 2018 Physics Exam, NHT, Section B, Q.14; © VCAA

An Earth-like planet has been discovered orbiting a distant star. A hypothetical mission to this planet is
suggested. The planet is 1.0×1018 m from Earth. The spaceship suggested for the mission can travel at an
average speed of 0.99c. Take 𝛾=7.1 for this speed.

Scientists are concerned about the length of time the passengers would have to spend on the spaceship to travel
to this planet. Use principles of special relativity to estimate this time, in years, as measured on the spaceship.
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UNIT 4 | AREA OF STUDY 1 REVIEW

AREA OF STUDY 1 How has understanding about
the physical world changed?

OUTCOME 1

Analyse and apply models that explain the nature of light and matter, and use special relativity to explain
observations made when objects are moving at speeds approaching the speed of light.

PRACTICE EXAMINATION

STRUCTURE OF PRACTICE EXAMINATION
Section Number of questions Number of marks

A 20 20

B 7 30

Total 50

Duration: 50 minutes
Information:

• This practice examination consists of two parts. You must answer all question sections.
• 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

SECTION A — Multiple choice questions

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

1. Electrons transition between energy levels with a difference of 2.78 eV. What is the expected frequency of
the photons absorbed or emitted during the transition?

A. 1.5×1014 Hz

B. 2.1×1014 Hz

C. 4.2×1014 Hz

D. 6.7×1014 Hz

2. A spaceship travels past Earth at a velocity of v=0.7c and is heading towards the Moon. It transmits an
electromagnetic signal that propagates in all directions at the speed of light, c.
To an observer on Earth, what is the speed of the electromagnetic signal just as the spaceship passes Earth?

A. 0.3c
B. 0.7c
C. c

D. 1.7c
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3. An experiment with carbon buckyballs
(

m=1.20×10−24 kg
)

demonstrated diffraction that was consistent
with a de Broglie wavelength of 2.5×10−12 m. What was the velocity of the buckyballs?

A. 2.2×101 m s−1

B. 2.2×102 m s−1

C. 2.2×103 m s−1

D. 2.2×104 m s−1

4. The following two diagrams depict waves:

a.

b.

Diagram (a) represents a bright, green light source. The vertical scale represents the amplitude of the waves
and the horizontal scale represents time. The scale is the same in both diagrams.
What is the best description for the waves in diagram (b)?

A. Brighter, red light

B. Dimmer, red light

C. Brighter, blue light

D. Dimmer, blue light

5. The brightness of a light source depends on:

A. the amplitude of the electromagnetic wave.

B. the speed of the electromagnetic wave.

C. the frequency of the electromagnetic wave.

D. the period of the electromagnetic wave.

6. The lifetime of stationary muons is measured in a laboratory to be 2.2 μs. The lifetime of relativistic muons
produced in Earth’s upper atmosphere, and travelling at 0.995c as measured by ground-based scientists, is
closest to:

A. 0.2 s.

B. 0.7 s.

C. 7.4 s.

D. 22 s.

7. The following diagram depicts a standing wave on a string that is fixed at both ends.

The fundamental frequency of the wave is 220 Hz. What is the frequency shown in the diagram?

A. 330 Hz

B. 440 Hz

C. 880 Hz

D. 1760 Hz
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8. In the study of the DNA structure, X-rays were used to discern the double-helix configuration of the DNA.
DNA molecules are in the range of 3×10−9 m.
Which is the best reason for the ability of X-rays to do this?

A. The wavelengths of X-rays are smaller than the scale of the DNA molecule.

B. The intensity of the X-rays is sufficient to light up the DNA molecule.

C. X-ray frequencies are low enough to distinguish the edges of the DNA molecule.

D. X-ray wavelengths are long enough to distinguish the edges of the DNA molecule.

9. Experiments with photoelectrons provided the key evidence for the particle-like nature of light. If light
had behaved in a wave-like manner, which of the following experimental observations would not have been
made?

A. A higher intensity light source would produce photoelectrons with higher kinetic energy; thus, a
higher stopping voltage would be required.

B. A lower frequency light source would still produce photoelectrons, but with a time delay.

C. A higher frequency light source would produce photoelectrons with higher kinetic energy; thus, a higher
stopping voltage would be required.

D. Photoelectrons would be produced at all frequencies.

10. The following graph illustrates photoelectron kinetic energy versus photon frequency. The line labelled
Q indicates the relationship for sodium metal. The relationship for another metal, which has a higher work
function, Φ, is indicated by which line?

A

B

Q

C

D

fphoton (Hz)

Ek (J)

A. A

B. B

C. C

D. D

11. In the photoelectron experiment, which one of the following would not have been an observation supporting
the particle-like nature of light?

A. A photocurrent was produced even at a low frequency.

B. Increasing the intensity of the light increased the photocurrent.

C. A higher frequency of light required a higher stopping voltage.

D. There is a cut-off frequency below which no photocurrent was produced.

12. Light with a frequency of 7.30×1014 Hz is incident on a metal with a work function of 1.23 eV. The
expected kinetic energy of the photoelectrons is closest to:

A. 1.79 eV.

B. 3.02 eV.

C. 4.25 eV.

D. 4.87 eV.

13. A photoelectron experiment determined that the cut-off frequency of a metal is 5.56×1014 Hz. What is the
work function of that metal?

A. 8.0×10−20 J

B. 1.2×10−19 J

C. 2.3×10−19 J

D. 3.7×10−19 J
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14. A diffraction pattern produced by X-rays has exactly the same spacing between fringes as a diffraction
pattern produced by electrons. Which of the following statements is correct concerning the X-rays and the
electrons?

A. The frequency of the X-rays matches the frequency of the electrons.

B. The photon energy of the X-rays matches the kinetic energy of the electrons.

C. The momentum of the X-rays matches the momentum of the electrons.

D. The intensity of the X-rays matches the intensity of the electrons.

15. The de Broglie wavelength of a golf ball (m=0.046 kg,d=0.043 m) travelling at 70 m s−1 is closest to:

A. 2.1×10−34 m.

B. 3.4×10−31 m.

C. 6.7×10−31 m.

D. There is no de Broglie wavelength as the golf ball cannot diffract.

16. The Michelson–Morley experiment was an experiment to detect the supposed aether through which light
propagates, by measuring the speed of light in perpendicular directions.
The null result of the Michelson–Morley experiment supports:

A. the existence of a medium through which light propagates.

B. the independence of the speed of light from the motion of the observer.

C. the particle model of light.

D. the wave nature of matter.

17. A particle accelerator is used to accelerate electrons. The kinetic energy imparted to each electron is
estimated to be 8.2×10−14 J, and this is achieved with a uniform electric field between two parallel plates.
The accelerated electrons attain relativistic velocities. Which of the following is closest to the value of the
Lorentz factor of the electrons?

A. 1.0
B. 1.5
C. 2.0
D. 2.5

18. Travelling at 70% of the speed of light, a spaceship sets out on a journey to a star that is 3.9×1018 m from
Earth, as measured by observers on Earth.
Which of the following statements is correct?

A. The Lorentz factor of the spaceship is 1.3.

B. According to observers on Earth, the trip takes 1.3×1010 s.

C. The distance between Earth and the star, as measured by the occupants of the spaceship, is 2.7×1018 m.

D. According to the astronauts on the spaceship, the trip takes 1.3×1010 s.

19. Neutrino particles from the Sun often pass through Earth without interacting at all gravitationally, electrically
or magnetically. One such neutrino passes through Earth at a velocity of v=0.87c. Earth’s diameter is
1.3×107 m measured in our frame of reference. Measured from the neutrino’s frame of reference, what is
Earth’s diameter?

A. 3.2×106 m

B. 6.4×106 m

C. 1.3×107 m

D. 2.6×107 m

20. Which of the following statements about producing electromagnetic waves is the most correct?

A. Electromagnetic waves can only be produced by accelerating electric charges.

B. Electron energy-level transitions can produce electromagnetic waves.

C. All electromagnetic waves are produced by electron energy-level transitions.

D. Electromagnetic waves cannot be produced by accelerating electric charges.
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Section B — Short answer questions

Question 21 (3 marks)

A beam of light has a frequency of 4.7×1014 Hz.

a. Determine the wavelength for a single photon. (1 mark)

b. Calculate the energy for a single photon. Give your answer in electron volts.

Planck’s constant: h=6.63×10−34 m2 kg s−1 =4.14×10−15 eV s (1 mark)

c. Calculate the momentum for a single photon. (1 mark)

Question 22 (4 marks)

Coherent light of wavelength 530.0 nm from a laser passes through a pair of slits, and an interference pattern
is formed.

a. Calculate the path difference for the third dark band from the central maximum. Give your answer in nm, to
4 significant figures. (2 marks)

b. Calculate the path difference for the second bright band from the central maximum. Give your answer in nm,
to 4 significant figures. (2 marks)

Question 23 (8 marks)

In a photoelectric experiment, a group of students measured the threshold frequency of the metal electrode to be
4.3×1014 Hz.

a. Determine the work function for the metal. Give your answer in joules.
Planck’s constant: h=6.63×10−34 m2 kg s−1 (1 mark)

Light of frequency 5.7×1014 Hz now strikes the photocell.

b. Calculate the maximum energy of emitted electrons, in joules. (2 marks)

c. Calculate the stopping voltage for the photoelectrons.
Charge of an electron: e=1.6×10−19 C (2 marks)

d. Discuss the effects on the size of the photocurrent and the stopping voltage when the light intensity is
increased. (3 marks)

Question 24 (2 marks)

An interference pattern is produced using slits separated by 0.15 mm, and a monochromatic light source casting
a pattern onto a screen that is 1.65 m from the slits. The distance between two adjacent bright fringes is
measured at 5.8 mm.

Calculate the wavelength of the light source used.

Question 25 (4 marks)

Answer the following.

a. Explain how electron diffraction is evidence in support of the wave nature of matter. (2 marks)

b. Explain how the photoelectric effect is evidence in support of the particle model of light. (2 marks)
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Question 26 (3 marks)

Electrons at the ground state (n=1) of an atom may absorb energy and transition to higher energy levels.
They transition back to the ground state, directly or via an intermediate energy level, by emitting photons.

a. In one experiment, an electron transitions from n=1 to n=3. On the diagram provided, draw arrows to
represent all the possible transitions for an electron at n=3 back to the ground state. (1 mark)

n = 5
n = 4

n = 3

23.8 eV

23.0 eV

20.6 eV

0 eV

n = 2

n = 1

b. An electron at n=4 transitions to n=2. Calculate the expected frequency of the photon emitted in
this transition. (2 marks)

Question 27 (6 marks)

X-rays with energy of 2.45×104 eV generate a diffraction pattern with fringe spacing that matches the diffraction
pattern using a stream of accelerated electrons, as shown in the following images.

X-ray diffraction pattern Electron diffraction pattern

a. Determine the wavelength of the X-rays used.
Planck’s constant: h=6.63×10−34 m2 kg s−1 =4.14×10−15 eV s (1 mark)

b. State the de Broglie wavelength of the electrons used to generate the same diffraction pattern. (1 mark)

c. Calculate the kinetic energy imparted to the electrons if they start from rest. (2 marks)

d. Calculate the accelerating voltage of the electric field used if the electrons start from rest.
Charge of an electron: e=1.6×10−19 C (2 marks)
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UNIT 4 | AREA OF STUDY 1

PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — PROBLEM-SOLVING; APPLYING PHYSICS CONCEPTS AND
SKILLS TO REAL-WORLD CONTEXTS

In this task, you will be required to apply physics concepts and skills to the provided stimulus material.
• This practice SAC requires you to apply your problem-solving skills to the provided stimulus material related

to the properties of light and matter.
• You may use the VCAA Physics formula sheet and a scientific calculator for this task.

Total time: 55 minutes (5 minutes reading, 50 minutes writing)

Total marks: 35 marks

REAL-WORLD CONTEXT: LIGHT EMISSION SPECTRUM

When a gas of atoms of a single element is struck by white light, the gas emits a series of discrete colours.
The emitted light can be passed through a spectrometer to produce what is commonly known as an emission
spectrum. The following diagram illustrates how the light emitted by the gas is collected, to produce an emission
spectrum.

Prism or

diffraction

grating

Light from

source

Photographic plate

Slit

From the emission spectrum, the energy level diagram for the atom can be deduced. Each element produces a
unique set of spectral lines, and thus elements can be identified by their line spectra. This is how astronomers
can identify the composition of stars, for instance. In one particular experiment, eight different wavelengths were
established from an emission spectrum of a monatomic gas. The frequency and energy of the photons for each
of the wavelengths can then be determined. The data is shown in the provided table.
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Wavelength (nm) Energy (eV)

185

254

365

405

436

546

578

1014

Answer the following questions, using the stimulus material and the data provided.
1. Copy and complete the table by calculating the energy, in eV, corresponding to each wavelength. Show your

full working for one of the wavelengths.
2. Explain the emission of a photon by an atom, referencing electron energy states and quantised states.
3. Using the information in the second column of your table, construct an energy-level diagram for the element in

the gas where the ground state has an energy of 0 eV. Your energy-level diagram should consist of the ground
state and the first three excited states. (The ionisation level for this element is 10.4 eV above the ground state,
and should also be shown on your diagram.)

4. In a subsequent experiment, the gas of atoms is illuminated by a beam of photons with energy 2.6 eV. Explain
whether there will be a visible line in the spectrum collected this time.

REAL-WORLD CONTEXT: DIFFRACTION IN MICROSCOPY

Images obtained by a microscope are limited in the detail they can provide. This limit is caused by the diffraction
of waves as they pass through the imaging system of the microscope. As a general rule, the only objects
observable are those larger than the smallest wavelength used by the apparatus. If an object is smaller than
the smallest wavelength, diffraction will cause these small details to merge with one another and be impossible to
distinguish. This situation appears in both light microscopes and electron microscopes, and the phenomenon can
be measured and compared by investigating the diffraction patterns produced by the apertures used within the
imaging systems of a microscope. Less diffraction means smaller details are visible.
5. Explain the process of diffraction, including the factors that control the amount of diffraction, and classify it as

wave or particle behaviour.
6. Using a diagram or otherwise, explain why small details of an object can appear blurry when seen under a

microscope.
7. Based on your understanding of diffraction, describe two ways in which a microscope system could be

altered to reduce the amount of diffraction and make smaller details visible in images.

An investigation of the effects of diffraction on a light microscope was conducted by looking at the diffraction
pattern produced by one of the apertures in the microscope. The diameter of this aperture can be changed;
however, the aperture cannot be removed from the system as it is important in controlling the brightness of the
image produced.
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Two diffraction patterns were obtained from the same microscope, but under different conditions. These images
are shown here.

Diffraction pattern 1 Diffraction pattern 2

8. Draw the diffraction pattern that would be expected if particles or waves of a lower energy compared to
diffraction pattern 2 were imaged using the same system.

REAL-WORLD CONTEXT: PHOTOEMISSION ELECTRON MICROSCOPE

The photoelectric effect is the emission of electrons when electromagnetic radiation hits a material. This effect
can be used for electron microscopy. Photoemission electron microscopy uses local variations in photoelectrons
emitted by a sample to generate a greyscale image consisting of thousands of spots of varying intensity
corresponding to the topography of the sample. X-ray or UV photons are directed at a sample surface, and
an electron optical column uses the emitted photoelectrons to create a magnified image. In addition, the
photoelectrons can be filtered in energy.

Photoemission electron microscopy is used to study the morphology, electronic and chemical properties and the
magnetic structures of surfaces and thin film materials with nanometre-scale spatial resolution.
9. Explain how the photoelectric effect is evidence for the particle-like nature of light.
10. Using a diagram or otherwise, explain how, in this context, photon energy is transferred to electrons in the

sample, referring to photon energy, kinetic energy of a photoelectron and work function of the sample.

Resources

Digital document School-assessed coursework (doc-39424)
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AREA OF STUDY 2 HOW IS SCIENTIFIC INQUIRY USED TO INVESTIGATE FIELDS, MOTION
OR LIGHT?

12 Scientific
investigations

KEY KNOWLEDGE

In this Area of Study, you will design and conduct a scientific investigation related to fields,
motion or light, and present an aim, methodology and method, results, discussion and a
conclusion in a scientific poster.

Investigation design

• identify the physics concepts specific to the investigation and explain their
significance, including definitions of key terms, and physics representations

• explain the characteristics of the selected scientific methodology and method
including: techniques of primary qualitative and quantitative data generation relevant
to the selected investigation; and appropriateness of the use of independent,
dependent and controlled variables in the selected scientific investigation

• identify and apply concepts of accuracy, precision, repeatability, reproducibility,
resolution, and the identification of, and distinction between, error and uncertainty

• identify and apply health, safety and ethical guidelines relevant to the selected
investigation

Scientific evidence
• discuss the nature of evidence that supports or refutes a hypothesis, model or theory
• apply methods of organising, analysing and evaluating primary data to identify
patterns and relationships including: the physical significance of the gradient of
linearised data; causes of uncertainty; use of uncertainty bars; and assumptions and
limitations of data, methodologies and methods

• model the scientific practice of using a logbook to authenticate primary data

Science communication
• apply the conventions of science communication: scientific terminology and
representations; symbols, equations and formulas; standard abbreviations; significant
figures; and units of measurements

• apply the conventions of scientific poster presentation, including succinct
communication of the selected scientific investigation, and acknowledgment of
references

• explain the key findings and implications of the selected investigation.

KEY SCIENCE SKILLS
• develop aims and questions, formulate hypotheses and make predictions
• plan and conduct investigations
• comply with safety and ethical guidelines
• generate, collate and record data
• analyse and evaluate data and investigation methods
• construct evidence-based arguments and draw conclusions
• analyse, evaluate and communicate scientific ideas

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

This topic is available online at www.jacplus.com.au.



12.1 Overview
Hey students! Bring these pages to life online
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12.1.1 Introduction
How do physicists investigate questions? The
ability to conduct scientific investigations to answer
questions, address hypotheses and generate primary
data is fundamental in all aspects of science.

As part of Unit 4, Area of Study 2, you will
design and conduct a practical investigation
exploring content you have covered in VCE Physics
throughout the year, focusing on your understanding
of fields, motion and light.

In your investigation, you will have the opportunity
to explore physics questions, communicate
your findings and draw conclusions. This topic
will explore both the key science skills and key
knowledge, providing support for both your
investigation and your application of inquiry skills.

FIGURE 12.1 A student conducting a scientific
investigation in the classroom

LEARNING SEQUENCE

12.1 Overview
12.2 Key science skills and concepts in physics
12.3 Accuracy, precision, reproduc bility, repeatability and validity of measurements
12.4 Characteristics of scientific methodology and primary data generation
12.5 Health, safety and ethical guidelines
12.6 Ways of organising, analysing and evaluating primary data
12.7 Challenging scientific models and theories
12.8 The limitations of investigation methodology and conclusions
12.9 Conventions of science communication

12.10 Review

Resources

Solutions Solutions — Topic 12 (sol-0826)

Digital documents Key science skills — VCE Physics Units 1–4 (doc-36950)
Key terms glossary — Topic 12 (doc-37187)
Key ideas summary — Topic 12 (doc-37188)

Exam question booklet Exam question booklet — Topic 12 (eqb-0109)
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12.2 Key science skills and concepts in physics

KEY KNOWLEDGE

• Identify the physics concepts specific to the selected investigation and explain their significance, including
definitions of key terms, and physics representations

• Model the scientific practice of using a logbook to authenticate generated primary data

KEY SCIENCE SKILLS

• Develop aims and questions, formulate hypotheses and make predictions
• Plan and conduct investigations
• Comply with safety and ethical guidelines
• Generate, collate and record data
• Analyse and evaluate data and investigation methods
• Construct evidence-based arguments and draw conclusions

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

12.2.1 The scientific method: why do we conduct investigations?
Conducting investigations and scientific inquiry in physics is fundamental to our understanding of the behaviour
of physical phenomena in the universe. It has, for instance, allowed us to enrich our understanding of and
explain the nature of light, energy and matter.

Why is it important to be able to conduct investigations, and how are changes in our understanding of aspects
of physics achieved? What might cause the rejection of an earlier theory? How might refinements of an existing
theory come about?

These changes typically begin with observations that raise questions that may be investigated in various ways,
such as:

• carefully planned laboratory-based or field-based experiments designed to confirm or reject a particular
hypothesis, such as those relating to the discovery of the atomic nucleus by Ernest Rutherford, or the
discovery of the Higgs boson at the Large Hadron Collider in 2012

• critical reinterpretation of previously accepted facts to produce a new framework, for example, the shift
from Newtonian physics to quantum physics and the theory of relativity

• collection and analysis of new data, for example, the direct detection of gravitational waves, or the first
image of a black hole

• identification and exploration of patterns or anomalies, for example, the seasons and eclipses anomalies
that were unexplained by the Ptolemaic system, in which Earth is at the centre of the universe, leading to
the Copernican system, in which the Sun is at the centre of the universe.

Unit 4, Area of Study 2 scientific investigation

Scientific investigation is also examinable. While questions about your specific investigation will not be
asked, generic questions about key science skills and inquiry are likely to be asked.

Physics relies on formulating and answering questions, followed by communication of the findings in order
to progress. Scientists work through a series of steps to advance their knowledge as part of this procedure.
Experimental and other investigative work is central to this.
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scientific poster a hard-copy or
digital poster used to display the
key findings from investigations
conducted to answer a scientific
question or hypothesis

results a section in a report or
poster in which all data obtained
is recorded, usually in the form of
tables and graphs

scientific method the procedure
that must be followed in scientific
investigations, consisting of
questioning, researching, predicting,
observing, experimenting and
analysing; also called the scientific
process

This investigation will draw upon a number of key skills that you have developed
in Units 1 and 2, and the specific skills in Unit 2, Area of Study 3. As part of this
investigation you will be required to produce a report — this is usually in the form
of a scientific poster, but your teacher may ask for another format such as a practical
report, oral presentation or digital presentation. You will also be required to produce a
logbook.

In this investigation, you will have the opportunity to show your skill and imagination
in experimental design, display commitment to a task and demonstrate your
communication ability in explaining your results. You will need to develop a
question, plan actions to answer this question, undertake an investigation and
interpret the data to form a conclusion. Your investigation will be focused on your
understanding of fields, motion or light.

To conduct any investigation, key science skills are important to address in every
aspect, allowing you to follow a clear scientific method through the process. This
is outlined in figure 12.2.

FIGURE 12.2 The scientific method

Develop aims and

questions, formulate

hypotheses and

make predictions

Plan and conduct

investigations,

complying with

safety and ethical

guidelines

Generate, collate

and record data

Analyse and

evaluate data and

investigation

methods

Construct

evidence-based

arguments and

draw conclusions

Your teacher will set aside around two to three weeks for the activity, allowing you to design and undertake
an investigation and communicate your findings. Some planning and organisation on your part will be needed
to achieve a personally satisfying outcome. The sample schedule shown in table 12.1 will assist with your
planning. The timeline may be different depending on your school. Your teacher may also have set checkpoints
regarding when you are required to submit work and what specific components need to be included.

TABLE 12.1 Sample schedule for your investigation

Task Due date
• Introduction of task
• Time to formulate your topic and question for the investigation

Lesson 1, Week 1

• List of possible topics and questions submitted to teacher for approval Week 1

• Complete a full methodology for your investigation (in your logbook)
including:
• a list of required materials and equipment
• a clear, repeatable method
• the completion of any risk assessments and understanding of ethical
guidelines.

Your teacher may decide to make this a formal task, done under
test conditions in class and assessed, but with feedback provided
afterwards on aspects that might need to be addressed before you
begin.

End of Week 1

(continued)
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TABLE 12.1 Sample schedule for your investigation (continued)

Task Due date
• Your requested equipment is assembled by the teacher and lab
technician.

• You may be required to make modifications based on the resources
availability.

By the end of the week before
your experiment begins

• Your experiment begins.
• First period: Set up your equipment, take some preliminary data,
fine-tune your procedure, and troubleshoot any difficulties with the
equipment and the taking of measurements.

• Second and third period: Begin the cycle of measurements and data
analysis. Progressively graph your results, evaluate trends and adjust
your procedure.

Week 2

• Communication of findings
• Analysis and evaluation of data
• Construction of evidence-based arguments and discussion of your
results

• Critical evaluation of your methodology and data
• Conclusions drawn from your investigation
• Submission of your logbook and report in format designated by your
teacher

Week 3

12.2.2 Using a logbook
As part of your scientific investigation (as well as all
practical experiments throughout the year), you are
required to keep a logbook.

• The use of a logbook is standard scientific
practice.

• A logbook is used to record background
information, plan the design of the investigation
(including management of risks), and record the
data and the preliminary analysis of results.

Usually this logbook is a bound exercise book (however,
your teacher may request a digital logbook instead). It is
vital to show all aspects of your investigation within your
logbook using the scientific approach.

FIGURE 12.3 All observations should be recorded
in a logbook.

 

The logbook will be assessed by your teacher. You must date all work that is completed in your logbook to show
when it was completed and assist in validating your work. Your teacher will check your logbook regularly for
authentication and assessment purposes.

logbook a record containing
all the details of progress
through the steps of a scientific
investigation

Remember, your logbook should allow another person to observe your results and
the process used to obtain these results.
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TABLE 12.2 Some components of a logbook

Component Features

Chosen question (as the
title)

Information about your topic, how you chose it and the question you have selected

Introductory material This will include background data on your topic, diagrams, notes and tables,
information about key terms and similar past experiments. Be sure to record not only
the data items themselves, but also their sources, so that, if necessary, you can easily
locate and revisit them.

Hypothesis and aim A clear hypothesis and aim should be recorded, and any variables should be identified.

Methodology Show all equipment you plan to use and a clear method you plan to follow, with
detailed steps that could be reproducible by someone else.

Results Observe and record results in an appropriate form. Tables are particularly useful. You
may also include diagrams and photos.
You should ensure EVERY result has an associated date, so it is clear when it was
collected.

Discussing and
analysing results

Refer to your results and carefully evaluate them, referring back to your hypothesis
and questions. You may have set discussion questions to answer to help scaffold your
thoughts and ideas. This will form a basis for your final communication.

12.2.3 Independent, dependent and controlled variables

variable any factor that can be
changed in an investigation

independent variable the variable
that is changed or manipulated by
an investigator

dependent variable the variable
that is anticipated to be influenced
by the independent variable and is
measured by an investigator

In an experiment, a variable is any factor that the researcher can control or change or measure. Three kinds of
variables are commonly recognised (see figure 12.4). For some variables you will set the value at the start of
each experiment; others will be determined by your experiment; and sometimes there may be variables that
you calculate using your measurements. It is important that you are able to identify each type of variable and
incorporate these as part of your investigation.

FIGURE 12.4 Diagram showing the relationships between
variables in an experiment

Cause

(independent variable)

Effect/outcome

(dependent variable)

Other factors

(controlled variables)

Types of variables

• An independent variable is a factor that is deliberately manipulated by the investigator and is
anticipated to affect the dependent variable. For example, you may be running a simple test to examine
the bounce height of different types of balls when dropped from 2 metres. In this case, the independent
variable is the type of ball. When graphing results, the independent variable is usually placed on the
horizontal axis.

• A dependent variable is the factor that the investigator measures. The dependent variable is
anticipated to be affected by the independent variable. In the investigation to examine the bounce
height of different balls, the dependent variable would be the bounce height. The dependent variable is
usually placed on the vertical axis of a graph.
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• Controlled variables are all the other factors that the investigator must maintain at constant values
through the course of an experiment. In the bounce height investigation, controlled variables would
include the height the ball is dropped from, the instrument used to record data (you wouldn’t estimate
for one measurement and use a ruler for another) and the surface you dropped the ball on. If these
factors are not kept constant, they can confound the experimental results because they can cause
changes in the dependent variable. Often controlled variables also include environmental factors such
as temperature and humidity, but these are harder to control.

Example of variables
Consider the following example. Allira and Hunter are investigating the effect of paper size on the distance a
paper plane can be flown. They are trialling different sizes of paper to explore if a specific paper size allows for
the greatest distance travelled.

• Independent variable. The factor that is
being manipulated is the size of paper.

• Dependent variable. The factor that is
being measured is the distance the plane
travels.

• Controlled variables. Examples include
the same type of paper being used, the
same wind when the plane is thrown, the
same person throwing the paper plane
and the same folding of the paper plane.

FIGURE 12.5 Different paper sizes being investigated

 

Variables can also be considered as numerical
(quantitative) or categorical (qualitative). This
is the case not just for dependent variables,
but also for the independent variables and
controlled variables used in an investigation.

Qualitative and quantitative data are explored further in subtopic 12.3.

Resources

Video eLesson Controlled, dependent and independent variables (eles-5999)

Interactivity Variables (int-7731)

12.2.4 Developing questions and aims

controlled variable a variable
that is kept constant across
different experimental groups

investigation question the focus
of a scientific investigation in
which experiments act to provide
an answer

aim a statement outlining the
purpose of an investigation,
linking the dependent and
independent variables

The first step in your investigation is to come up with an investigation question
that is the focus of your scientific inquiry, and to develop an experimental aim.
Both your question and aim should show a clear link between the independent and
dependent variables being examined.

Selecting a topic and creating an investigation question
Selecting a topic

Before you come up with a question, you need to formulate a topic for
your investigation. This topic will form the basis for your question. For this
investigation, your topic needs to involve either an understanding of fields, motion
or light from Units 3 or 4.
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Choosing a topic is not an immediate process — it takes time and careful consideration. It is important that you
don’t just pick a topic that sounds interesting; rather, pick one that can reasonably be completed in the provided
time frame and with the available resources.

Before you start, it may be useful to brainstorm with peers about some topics. Look through the Study Design
and use this to come up with five different topics that you would want to investigate. From here, you can narrow
down your choice. You may conduct your investigation in groups, but all work, data collection, methodology
creation, analysis and evaluation need to be your own.

One way to brainstorm a variety of topics as a group is to draw a grid on a large sheet of paper with headings
across the top such as: Hobbies and interests, Sports, Science in the news, Investigations you did in previous
years, and Topics from this year. Down the side put types of investigations such as: Investigating the operation of
a device or technology, Solving a technological problem, and Investigating a physical phenomenon. Brainstorm
as many ideas as you can, then narrow this down to topics that you want to explore further. While brainstorming,
formulate potential and realistic investigation questions before settling on a topic. You might also want to review
the eLogbooks for the U3&4 topics, for inspiration in selecting your topic and investigation question.

Some topic examples are listed here. This is not a comprehensive list; its objective is to help you start
brainstorming ideas.

Resources

Digital document Examples of investigation topics (doc- 39374)

Motion
• Range of a tennis-ball thrower
• The circular motion of a hammer while the thrower spins
• The motion of a toy car on a banked track
• The effect of air resistance on different projectiles
• Energy dissipation in collisions (figure 12.6)
• Energy transformations on a roller-coaster

FIGURE 12.6 Energy dissipation on a trampoline
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Fields
• Work to modify the orbit radius of a satellite
• Working of a magnetic levitating train
• Working and uses of electron guns
• Cathode-ray tube technology
• Working of a linear accelerator
• Working of a mass spectrometer
• Working of a DC motor
• Working of a synchrotron
• Working of a Wien filter
• Magnetic field detection and use in animals

FIGURE 12.7 Electricity
generation by solar panels

 

Fields and electricity generation and transmission
• Generating emf from a changing magnetic flux
• Working of generators and alternators
• Working of photovoltaic cells (figure 12.7)
• Role of an inverter
• Working and uses of transformers

Light and matter
• Impact of diffraction on optical instruments
• Laser long distance measurements and light interference
• The photoelectric effect and solar panels
• Working of a photomultiplier tube
• Production and transmission of radio waves
• Working of a spectroscope (figure 12.8)
• X-ray diffraction

FIGURE 12.8 How does a
spectroscope work?

 

Creating an investigation question

Once you have determined a topic, you need to create an investigation question that allows you to answer and
solve a specific inquiry question. This needs to link a specific independent variable with a specific dependent
variable.

The question needs to be:
• one that can be investigated through scientific method
• practicable, given your knowledge, time and school resources
• asked in a way that indicates what you will do.
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For any given topic, there are many ways you can approach your investigation question. Some examples are
shown in figure 12.9.

FIGURE 12.9 Different investigation questions for one topic

Does increasing the

length of the tennis-

ball thrower’s handle

always increase the

range of the ball?

How does the 

movement of the

wrist affect the

velocity of the

tennis ball?

Topic:

How does a

tennis-ball-

thrower dog toy

work?

How does a tennis-

ball thrower work as

a lever?

How does throwing

by hand compare to

throwing with a tennis-

ball thrower?

How does the mass

of the projectile

affect its motion?

Developing an aim
Often, developing the aim of an investigation is done at the same time as formulating a question from your topic.

The aim outlines the purpose or the key objective of the investigation.

It is important that your aim:
• links your independent and dependent variables
• is succinct (no more than two lines)
• links clearly to your investigation question.

There are two different ways in which you can format your aim.
1. To [determine/investigate/compare] how the dependent variable is affected by the independent

variable
2. To [determine/investigate/compare] how the independent variable affects the dependent variable
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Examples of aims include the following:
• To investigate how the refractive index of a material affects the angle at which light bends upon entering

or leaving said material
• To investigate how the temperature of a blackbody affects its peak wavelength
• To determine how the speed of a projectile thrown with a slingshot is impacted by the elasticity of the
rubber band used for the slingshot

• To determine the launch angle that allows for the maximum range of a projectile.

In all of the above aims, there is clearly a link between the independent variable (shown in purple) and the
dependent variable (shown in green).

12.2.5 Formulating hypotheses and making predictions

FIGURE 12.10 Hypotheses
are testable explanations for
a concept.

Explanations

Hypotheses

Formulating a hypothesis is an important step in the scientific method.

A hypothesis is a tentative, testable and falsifiable statement for an
observed phenomenon that predicts the relationship between two variables
or predicts the outcome of an investigation.

A hypothesis usually predicts the relationship between independent and
dependent variables, providing a tentative, testable and falsifiable prediction
of what the findings of the investigation outlined in the aim and hypothesis
will be.

• Tentative means that a hypothesis is not certain, but is an attempt to
explain a phenomenon based on theory.

• Testable means that a hypothesis can easily be tested by observations
and/or investigations.

• Falsifiable means that there is a way to invalidate a hypothesis; that is, to
prove a hypothesis wrong.

There are many acceptable ways to write a hypothesis.

hypothesis a tentative, testable
and falsifiable statement for an
observed phenomenon that
acts as a prediction for the
investigation

tentative not fixed or certain; may
be changed with new information

testable able to be supported or
proven false through the use of
observations and investigation

falsifiable able to be proven false
using evidence

To write a hypothesis, a good tip is to use the following format:

If (statement involving the independent variable), then (prediction involving
the dependent variable) when (change in the independent variable occurs).

Your prediction may often include reference as to whether the variable will
increase or decrease.

Examples of hypotheses include the following:
• If the thickness of a wire affects the current flowing through it, then the resistance will decrease in a circuit
when a thicker wire is used.

• If the angle of an incline affects the speed of a small cart, then the speed of the cart will increase and have
a greater acceleration when a steeper incline is used.

• If the length of a string affects its pitch, then the pitch will get higher, and the string will have a higher
frequency when a musician presses their finger on the string to shorten its length.

Often, a hypothesis includes a tentative explanation or reasons for the prediction.

The first hypothesis, for example, can be expanded to include reasons related to theory:

If the thickness of a wire affects the current flowing through it, then the resistance will decrease in a circuit
when a thicker wire is used due to an increased area for electrons to flow.
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Comparing well-formatted hypotheses
Consider the following statements and decide if each is an example of a well-formatted hypothesis.

Statement 1: The heavier the object, the faster it will fall in a vacuum.

No. This is simply a testable prediction. It does not include a tentative explanation.

Statement 2: If an object has a greater mass, then it will fall faster than other objects in a vacuum.

No. This does not identify a tentative explanation. The statement is a method followed by a predicted outcome.

Statement 3: If an object with a greater mass causes an increased acceleration, then it will fall to the ground
more quickly when dropped in a vacuum compared to an object with a smaller mass.

Yes. This identifies a tentative hypothesis (explanation) and a predicted outcome by which the hypothesis can be
tested.

It is important to note that there are many different writing styles for hypotheses. The way you write your
hypothesis will be dependent on the investigation you are conducting.

SAMPLE PROBLEM 1 Writing an aim, hypothesis and research question
tlvd-0107

Polly is putting the kettle on. Polly is very curious about science and wants to see how she can change
the speed the water boils. She has heard rumours that salt causes water to boil faster. She has four
different types of salt in her house: table salt, sea salt, Himalayan pink salt and chicken salt.
Write an appropriate research question, aim and hypothesis for this scenario.

THINK WRITE

1. Determine the variables to help write an aim,
hypothesis and research question.

The independent variable is the salt type.
The dependent variable is the time it takes for the
water to boil.

2. Create a research question based on Polly’s
problem. Make sure that the question is one
that is testable and clearly outlines what is
occurring in the investigation.

Does the type of salt added to water affect the time
it takes for water to boil?

3. Write an aim, clearly outlining the purpose
of the investigation. Be sure to link the
independent variable and dependent variable.

To determine if different types of salt affect the
time it takes for water to boil

4. Write a hypothesis in the ‘If … then … when’
format. Remember, a hypothesis needs to
link the independent variable and dependent
variable. Your hypothesis may not be correct,
but it must be testable. (You may also specify
which salt you think would do this best.)

If the salt type added to water affects the speed at
which water boils, then the time taken by water to
boil will change when different types of salts are
added.
(Pure table salt will cause the largest decrease in
time.)

PRACTICE PROBLEM 1

Jack wants to know if changing the surface material of an incline will affect the speed at which a ball
rolls down the incline.

Write an appropriate research question, aim and hypothesis for this scenario.
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Resources

Video eLesson Writing an aim and forming a hypothesis (eles-6000)

Interactivity Formatting a hypothesis (int-7732)

12.2.6 Concepts specific to investigation, key terms and
representations
As part of an investigation, it is vital to link key physical concepts that are relevant and clearly explain their
significance.

This may include:
• key background knowledge
• techniques used in an investigation
• key terms
• physics representation
• scientific notation.

This shows a clear link to your understanding of an investigation and allows others who read your report to see
the connection between theory and practical applications.

Background knowledge
Concepts should be researched prior to commencing your investigation and recorded in your logbook (and
referenced). This background information will also form part of your introduction in your selected scientific
investigation report.

Concepts that are relevant to your investigation include:
• explanations of key formulae
• definitions of key terms
• details about the theories being examined
• information about other practical investigations exploring similar concepts.

An example of this may be in an exploration of effective resistance in series and parallel arrangements. In your
background information, it is important to explain any findings and experiments about this topic completed in
the past, information about its application, information about circuit electricity and resistors, and a description of
key formulae relevant to the investigation (such as Requivalent=R1+R2+ ... +Rn for series).

discussion a detailed area
of a report in which results
are discussed, analysed and
evaluated; relationships to
concepts are made; errors,
limitations and uncertainties are
assessed; and suggestions for
future improvements are made

You should also have clear concepts linked to theory from your background
information in your discussion section of an investigation.

Key terms
It is vital in practical investigations to define any key terminology.

This can be done in two ways:
• within a report itself
• as part of an appendix or glossary at the end of the report.

Both of these formats are valid methods to define key terms. The method used depends on the type of
investigation, the format of the report or personal preference. Be sure to check with your teacher which method
is most suitable for the practical investigation you are conducting. Examples are shown below.
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CASE STUDY: Key terms within a report

Read the following excerpt of an introduction from a scientific report written by a student. This investigation was
conducted to examine differences between AC and DC circuits.

Electric current is the movement of charged particles from one place to another. This is usually through the
use of negatively charged electrons. Current flows around a circuit.
In this investigation, two types of current in circuits are being explored. Direct current (DC) is when the net
flow of charge is in one direction; alternating current (AC) is when charged particles can move in either
direction in a circuit.

This student has clearly defined key terms as part of their introduction within their report itself. What terms have
they defined?

CASE STUDY: Key terms as part of an appendix or glossary

Read the following excerpt of an introduction from a scientific report written by a different student, conducting
the same practical.

In this investigation, electric current is being investigated. Two types of current around a circuit are being
explored and compared: direct current (DC) and alternating current (AC).
Glossary of key terms
Electric current: the movement of charged particles from one place to another
Direct current: the net flow of charge is in one direction
Alternating current: charged particles can move in either direction in a circuit

In this situation, the student has not defined the terms in their introduction itself, but has bolded key words that
later appeared in their glossary.

Physics representations
A variety of representations are used in physics. This includes the
use of models, sketches, graphs, equations, formulae, symbols and
diagrams. Additionally, there are many vital conventions related
to the use of numerical data, including significant figures and
scientific notation.

Some examples of representations in physics are outlined below.
For whichever topic you choose, it is important to use correct
representations for your information. It might be worth going
back to that topic and observing how different information is
represented.

Vectors

Vectors are commonly used in physics, particularly in the motion
and fields topics. A vector has both direction and magnitude. We
can represent vectors as directed lines, in which the size represents
the magnitude and the arrow represents the direction, as shown in
figure 12.12.

FIGURE 12.11 Representations, such as
equations and diagrams, form a vital part
of physics reporting.

FIGURE 12.12 The use of vectors, showing force and magnitude

Fnet

40 N 30 N
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In text, vectors often appear in bold italic font (for example, F = ma, in which F and a are vectors).
Alternatively, they may be written with a right-facing arrow above them as an accent: F⃗ =m ⃗a . This is
particularly useful when bold cannot be used to distinguish the vector, such as when handwritten or when all
the text is bold.

Electrical circuit representations

Many different symbols can be used in electrical circuits to show the various components.

In sketches or diagrams of these models, it needs to be clear what component each of these symbols represents.

FIGURE 12.13 Some representations of
electrical circuit components

Connecting wire

Two wires crossing over one another

Resistor

+ –

+ – + –

Battery (single cell)

Battery (two cells in series)

Light globe

Ammeter

Voltmeter

2 wires joined

Switch closed

Switch open

V

A

FIGURE 12.14 Representation of a simple
electrical circuit showing a battery, light globe,
switch and connecting wires

+ – + –

Scientific notation

Very large and very small quantities can be more conveniently expressed in scientific notation. In scientific
notation, a quantity is expressed as a number between 1 and 10 multiplied by a power of 10.

To write in scientific notation, follow the form N × 10a, where N is a number between 1 and 10 and a is an
integer (positive or negative).

When converting numbers into scientific notation the following steps should be followed.
1. Determine where the decimal point needs to go so that N is between 1 and 10.
2. Count the number of places the decimal point is moved to determine a (the power of 10 or the exponent). If

the decimal point was moved to the left, a will be positive; if it was moved to the right, a will be negative.
3. Write the number in scientific notation.

For example, the average distance between Earth and the Moon is 380 000 000 metres. This is more
conveniently expressed in scientific notation as 3.8 × 108 m.

In physics, scientific notation is generally used for numbers less than 0.01 and greater than 1000.

Depending on the type of calculator you have, quantities in scientific notation can be entered by using one of the
following buttons: the EXP, 10x or ˆ.
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SAMPLE PROBLEM 2 Using scientific notation
tlvd-0103

a. The average distance between Earth and the Sun is 149 600 000 kilometres. Write this in scientific
notation.

b. The mass of a proton is 0.000 000 000 000 000 000 000 001 67 grams. Write this in scientific
notation.

THINK WRITE

a. 1. Determine the position of the decimal point in order
for the number to be between 1 and 10, and remove
any zeros that are not between non-zero digits.

a. The decimal point would need to go
between 1 and 4 to form 1.496.

2. Determine the exponent by establishing the number of
times the decimal point was moved.
If the decimal point was moved to the left, the
exponent should be positive; if it was moved to the
right, the exponent should be negative.

The decimal point was moved eight spots
to the left so the exponent is 8: 108.

3. State the solution. 1.496 × 108 km
b. 1. Determine the position of the decimal point in order

for the number to be between 1 and 10, and remove
any zeros that are not between non-zero digits.

b. The decimal point would need to go
between 1 and 6 to form 1.67.

2. Determine the exponent by establishing the number of
times the decimal point was moved.
If the decimal point was moved to the left, the
exponent should be positive; if it was moved to the
right, the exponent should be negative.

The decimal point was moved 24 spots to
the right so the exponent is –24: 10–24.

3. State the solution. 1.67 × 10−24 g

PRACTICE PROBLEM 2

Express the following quantities in scientific notation.
a. Diameter of Saturn’s rings: 282 000 km
b. Number of metres that sound travels in one hour: 1 235 000 m
c. Uncertainty of a highly precise clock: 0.000 000 000 000 000 003 s

Key ideas

• It is important to choose a topic that allows for the development of a question and observations to be
made.

• An aim is a one or two sentence outline of the purpose of the investigation, linking the dependent and
independent variables.

• A hypothesis is a tentative, testable and falsifiable statement for an observed phenomenon and acts as a
prediction for the investigation.

• Part of the scientific method or process is in designing an experiment, conducting the experiment and
analysing the results.

• Variables are factors that an investigator can control, change or measure.
• An independent variable is manipulated by the investigator: for example, the angle of incline.
• A dependent variable is measured by the investigator and is anticipated to be influenced by the

independent variable: for example, the acceleration of an object down the incline.

Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



• A controlled variable is one that is kept constant in an investigation.
• It is important to control variables in order to examine one independent variable at a time to better

understand the relationship to the dependent variable.
• Key terms can be defined as part of a scientific report or in a glossary.
• Key terms that are selected should be those that are vital to understand the investigation.

12.2 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

12.2 Quick quiz 12.2 Exercise 12.2 Exam questions

12.2 Exercise

1. Using the following topics, create a testable question that could be used for a practical investigation.
a. Exploring the difference in the decrease of water temperature from boiling in an insulated Thermos versus a

normal mug
b. Comparing the brightness of globes in series and parallel circuits
c. Investigating the time it takes a ping-pong ball to fall in normal conditions compared to within a vacuum

2. What is the purpose of a logbook in practical investigations?
3. MC Which of the following is an acceptable hypothesis?

A. Do water and cordial have the same freezing temperature?
B. If water has a higher freezing temperature than cordial, then it will change from a liquid to a solid at a faster

rate when cooled.
C. If the temperature of water decreases, then it will change form into a solid.
D.Water will freeze faster than cordial.

4. List the main steps required in planning an investigation.
5. A student has made three parachutes with the same paper, but cut them into three different shapes: a circle,

square and triangle. They want to see which stays in the air the longest when dropped from the same height.
a. Provide an aim for this investigation.
b. Provide a hypothesis for this investigation.

12.2 Exam questions

Question 1 (1 mark)
Source: VCE 2019, Physics Exam, Section A, Q.20; © VCAA

MC As part of their Physics course, Anna, Bianca, Chris and Danshirou investigate the physics of car crashes.
On an internet site that describes what happens during car crashes, they find the following statement.

It happens in a flash: your car goes from driving to impacting … As the vehicle crashes into something,
it stops or slows very abruptly, and at the point of impact the car’s structure will bend or break. That
crumpling action works to absorb some of the initial crash forces, protecting the passenger compartment
to some degree.

Source: Kathleen Poling, ‘Crash Dynamics for Dummies’, Car Seats for the Littles, 3 January 2018,
https://csftl.org/crash-dynamics-dummies/
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The students disagree about the use of the word ‘forces’ in the statement, ‘That crumpling action works to
absorb some of the initial crash forces, protecting the passenger compartment to some degree’.

Which one of the following students best identifies the physics of how the crumpling action protects the
passengers?

A. Anna ‘… to absorb some of the initial crash speed, protecting …’

B. Bianca ‘… to absorb some of the initial crash kinetic energy, protecting …’

C. Chris ‘… to absorb some of the initial crash momentum, protecting …’

D. Danshirou ‘… to absorb some of the initial crash forces, protecting …’

A. Option A
B. Option B
C. Option C
D. Option D

Question 2 (1 mark)
Source: VCE 2018, Physics Exam, Section A, Q.20; © VCAA

MC A group of Physics students conducts a controlled experiment to investigate the phenomenon of
electromagnetic induction. The students place a coil within a uniform magnetic field, as shown in the diagram
below.

SN

The coil is spun at 50 revolutions per minute, 100 revolutions per minute and then 150 revolutions per minute,
and the peak EMF is measured each time on an oscilloscope.

Which of the following best identifies the independent and dependent variables, and a possible controlled
variable in this experiment?

Independent variable Dependent variable Controlled variable

A. speed of rotation strength of magnetic field peak EMF

B. speed of rotation peak EMF strength of magnetic field

C. peak EMF speed of rotation strength of magnetic field

D. peak EMF strength of magnetic field speed of rotation

Question 3 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.19; © VCAA

MC Which one of the following best describes a hypothesis?
A. a possible explanation that needs to be rigorously tested by experimental evidence
B. an explanation that has been supported by rigorous experimental evidence
C. a statement that is widely accepted by scientists
D. an explanation that is mathematically correct
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Question 4 (4 marks)

A student is interested in finding out whether the viscosity of a fluid affects the speed at which a marble freefalls
down a fluid. Their investigation question is ‘How does fluid viscosity affect freefall speed?’
a. What would be the independent and dependent variables in this investigation? (2 marks)
b. Write a clear aim for the student. (1 mark)
c. Write a reasonable hypothesis that the student could test experimentally based on this question. (1 mark)

Question 5 (1 mark)
Source: VCE 2019, Physics Exam, Section A, Q.18; © VCAA

MC As part of an experimental investigation, Physics students use a pendulum, as shown below, to indirectly
measure the magnitude of Earth’s gravitational field at their location.

 

length

mass

amplitude

The students use a constant mass and a constant amplitude of swing, changing only the length of the pendulum
and then measuring the time for five oscillations. They obtain four different time readings for four different lengths
of the pendulum.

By using the relationship

T=2𝜋√ l

g

where T is the period and l is the length of the pendulum, the students obtain four values for the magnitude of
Earth’s gravitational field.

Which of the following best identifies the independent, dependent and controlled variables in the students’
experimental investigation?

Independent Dependent Controlled

A length time mass, amplitude

B time length mass, amplitude

C mass time length, amplitude

D amplitude length time, mass

A. Option A
B. Option B
C. Option C
D. Option D

More exam questions are available in your learnON title.
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12.3 Accuracy, precision, reproducibility, repeatability
and validity of measurements

KEY KNOWLEDGE

• identify and apply concepts of accuracy, precision, repeatability, reproducibility, resolution and validity of
data; and the identification of, and distinction between, error and uncertainty

KEY SCIENCE SKILLS

• Analyse and evaluate data and investigation methods

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

For your investigation, it is vital to ensure that your measurements are accurate, precise, reproducible, repeatable
and valid. In order to improve these characteristics in your measurements, it is important to ensure that your
investigation is both reproducible and repeatable, and that you take into account the resolution of the measuring
instruments used. You should also be able to identify all of these characteristics in other experiments to evaluate
the quality of experimental data.

12.3.1 Accuracy and precision

Accuracy

accuracy how close an
experimental measurement is to
a known or ‘true’ value

precision how close multiple
measurements of the same
investigation are to each other

Accuracy refers to how close an experimental measurement is to a known value. If an
archer is accurate, their arrows hit close to the target.

Another example is in the experimental calculation of gravity, which is known to
be 9.8 m s–2 on Earth. Table 12.3 shows two investigations by different students
to determine the acceleration of gravity from a simple pendulum by determining
the length of the pendulum and time of oscillation. Values for gravity were then
calculated. Student 1’s investigation is more accurate, as their results had a much
smaller deviation from the expected result of 9.8 m s−2.

TABLE 12.3 Two investigations to determine the acceleration of gravity from a
simple pendulum. Which student’s investigation is more accurate?

Investigation by student 1 Investigation by student 2

Calculation of g Calculation of g

Trial 1 9.85 m s−2 Trial 1 12.59 m s−2

Trial 2 9.75 m s−2 Trial 2 12.62 m s−2

Precision

FIGURE 12.15 Results vary
in precision when measuring
the height of a tennis ball.

 

Precision refers to how close multiple measurements of the same
investigation are to each other. Results that are precise may not be accurate.
It is often difficult to have completely precise results due to random error.

Table 12.4 shows two investigations by different students measuring the
height that a tennis ball bounces upon being dropped from a height of 1 metre.
Student 1’s investigation is more precise as the range of their data is smaller
compared to that of student 2.
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TABLE 12.4 Two investigations measuring the height a tennis ball bounces.
Which student’s investigation is more precise?

Investigation by student 1 Investigation by student 2

Height of bounce (cm) Height of bounce (cm)

Trial 1 39.3 Trial 1 39.3

Trial 2 39.4 Trial 2 42.2

Trial 3 39.3 Trial 3 31.4

Trial 4 39.2 Trial 4 35.3

Trial 5 39.0 Trial 5 45.2

Comparing accuracy and precision

FIGURE 12.16 Comparing
precision and accuracy

 

Both accuracy and precision are vital in investigations. Sometimes, an
individual with the most accurate data does not have the most precise data.
In table 12.3, student 1 has the most accurate result, with a value closest
to 9.8 m s−2; however, student 2 has the most precise results. In order to
obtain the best experimental data, we want results that are both accurate
and precise.

This can be improved by minimising errors — the accuracy of results are
affected by systematic errors and the precision of results are affected by
random errors.

A good way to remember the difference between the terms
accurate and precise is to use word association:

Accurate data is close to the actual value.

Precise data is when all the different points of data are close
together.

SAMPLE PROBLEM 3 Evaluating data for precision and accuracy
tlvd-0218

Students conducted an experiment to determine the temperature of a substance as it changed from a
solid to a liquid (melting point). They repeated the experiment four times and achieved the following
results.
• Student 1: 56.5 ∘C; 58.0 ∘C; 60.0 ∘C; 55.0 ∘C
• Student 2: 60.5 ∘C; 61.0 ∘C; 60.5 ∘C; 62.0 ∘C
• Student 3: 56.5 ∘C; 58.5 ∘C; 57.0 ∘C; 56.0 ∘C
Students were then provided with the exact value of the melting temperature of the substance, which
was found to be 56.48 ∘C.
a. Which student had the least accurate data?
b. Which student had the least precise data?
c. Was the student with the most precise data also the student with the most accurate data? Explain

your answer.
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THINK WRITE

a. 1. Review what accuracy means. a. Accuracy refers to how close a measurement is to a known
value.

2. Explore the data of the three
students.

Student 1 had data 1.48 °C lower and 3.52 °C higher than
the actual data.
Student 2 had data that was up to 5.52 °C higher.
Student 3 had data that was 0.48 °C lower and 2.02 °C
higher.

3. Determine which student had the
least accurate data.

Student 2 had the least accurate data, as their values were
the furthest from the actual value.

b. 1. Review what precision means. b. Precision refers to how close multiple measurements of the
same investigation are to each other.

2. Explore the data of the three
students.

Student 1 had a data range of 5.0 °C.
Student 2 had a data range of 1.5 °C.
Student 3 had a data range of 2.5 °C.

3. Determine which student had the
least precise data.

Student 1 had the least precise data.

c. 1. Identify the students with the most
accurate and most precise data.

c. Using the results from parts a and b it can be seen that
student 3 had the most accurate data and student 2 had the
most precise data.

2. State the solution. The student who had the most precise data was not the same
student who had the most accurate data. Students may have
measurements very close together (precise), but they may
not be accurate. This may be due to errors in the measuring
device or interpretation of the melting point (when the
solid turned to liquid). Data may also be accurate without
being precise; that is, you can be close to the target but with
inconsistent readings. For reliable and valid results, data
should be both accurate and precise.

PRACTICE PROBLEM 3

Students conducted an experiment to determine the temperature of a substance as it changed from a
liquid to a gas. They repeated the experiment four times and achieved the following results.

• Student 1: 85.4 ∘C; 92.0 ∘C; 82.0 ∘C; 75.5 ∘C
• Student 2: 83.5 ∘C; 85.0 ∘C; 85.5 ∘C; 86.5 ∘C
• Student 3: 85.5 ∘C; 90.0 ∘C; 89.5 ∘C; 81.0 ∘C

Students were then provided with the exact value of the boiling temperature of the substance, which
was found to be 85.4 ∘C.
a. Which student had the least accurate data?
b. Which student had the least precise data?
c. Was the student with the most precise data also the student with the most accurate data? Explain

your answer.
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12.3.2 Repeatability and reproducibility
It is important to ensure that the results obtained in an investigation are precise. This helps ensure that the
method used and the results are robust. Both repeatability and reproducibility are ways of determining precision.

Repeatability
Repeatability is a measure of how close the results of successive measurements of the same quantity are to each
other in exactly the same conditions. Conditions that should be the same include the:

• observer
• way of measuring results
• measuring instrument
• location
• laboratory conditions
• time.

Note that experiments involving small sample sizes or subjective judgements by the observer (such as estimating
how fast an object is moving by looking at it) may not be repeatable.

Consider a situation in which a student is using a stopwatch to measure how long it takes for an object to slide
down an incline. If the same student repeats the experiment in the same conditions (without changing any
elements such as the angle of the incline, the object or the stopwatch used to measure the time) several times
in a short amount of time and their results are close together, then they show repeatability.

An investigation method is said to be repeatable if it produces the same results each time it is applied to the
same system.

EXTENSION: Statistical analysis of results to calculate repeatability

Calculating the standard deviation of the variable you are investigating gives you a measure of the repeatability of
your experiment.

If you repeat the same experiment n times, measuring the value of the same variable, x, the formula for the
standard deviation of a sample is:

𝜍sample=
√∑ |x− x|2

n−1

where x is the mean.

In the previous example of a student measuring how long a ball takes to roll down an incline, if the values
measured for 10 trials are, in seconds, 12.5, 11.4, 12.3, 12.6, 12.5, 11.6, 12.2, 12.0, 11.7 and 11.9, then the
standard deviation of this sample is 0.42 (to two decimal places).

The closer to zero the standard deviation of your sample is, the more repeatable your results are.

repeatability how close
the results of successive
measurements are to each other
in the exact same conditions

reproducibility how close results
are when the same variable
is being measured but under
different conditions

Repeatability can be used to evaluate the quality of data in terms of the precision
of measurement results. Ideally, measurements should be repeated where possible
to produce a precise result.

Reproducibility
Reproducibility is a measure of how close results are when the same variable is
being measured, but under different conditions.
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Conditions that may be different include the:
• observer
• way of measuring results
• measuring instrument
• location
• laboratory conditions
• time.

Consider a situation in which different students from all over Australia are measuring the refractive index of
water on different days, all using the same method as the one detailed in Investigation 2.4 in topic 2.

If these students all get similar results, then the method is said to be reproducible. Reproducibility is a key part
of the scientific process. It is important to check the reproducibility of your data or experiments; if they are not
reproducible, it might be due to systematic errors impacting the accuracy of your measurements.

12.3.3 Resolution

resolution smallest change in
the quantity being measured that
causes a perceptible change in the
value indicated on a measuring
instrument

validity how accurately an
experiment investigates the claim
it is intended to investigate

experimental bias a type of
influence on results in which an
investigator either intentionally or
unintentionally manipulates results
to get a desired outcome

The resolution of a measurement system is the smallest increment that a measuring tool can detect in the
quantity being measured and can display. For example, if a non-digital thermometer has a mark every 1.0 °C,
then its resolution is 1.0 °C. The smallest unit of change that a common micrometer will register is 0.001 mm,
thus the resolution of such a micrometer is 0.001 mm.

The uncertainty of a measurement due to the resolution of the measuring tool has to be taken into account in
your investigation (see subtopic 12.6).

12.3.4 Validity
The validity of data refers to the credibility of the research results from experiments or from observations.
Validity factors in both experimental design and implementation. Experiments that are valid usually are using
the results from one manipulated variable, where other variables are controlled. Valid experiments also have
minimised factors such as experimental bias.

Validity applies more to the fields of biology and psychology, where precise measurement is more difficult and
there is a higher risk of bias on the part of the researcher. In physics and chemistry, the variables are quantifiable
and physically measurable.

If your experimental method clearly relates to the purpose of the investigation and you take care to be precise in
your measurements and thorough in your analysis, your results should be valid and meaningful.

Validity can be:
• internal. This is the degree to which the experimental procedures measure

what they are supposed to measure.
Internal validity is favoured when an experiment is carefully designed and a
scientific approach is used.
Testing internal validity asks questions such as: Can the results be trusted?
Could another unknown variable have influenced the results? Could any
cause and effect relationships identified be explained by other factors?

• external: This is the extent to which research findings can be generalised to
the greater population.
Testing external validity asks the following questions: Is the sample of the
population that was used in the research study representative of the greater
population? Can we be reasonably sure that the results of the research are
applicable to the greater population?
External validity is favoured by an experimental design that includes the use of a
control group, and has control and experimental groups of sufficient sizes.
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Key ideas

• In an investigation, it is vital to consider accuracy, precision, repeatability, resolution, reproducibility
and validity.

• Accuracy refers to how close a measurement is to a known value (like hitting the target on a bullseye).
It can be improved by repeating an experiment.

• Precision refers to how close multiple measures are to each other (like hitting a ‘6’ on a target three
times in a row).

• Repeatability refers to how close the results of successive measurements are to each other in the exact
same conditions.

• Reproducibility refers to how close results are when the same variable is being measured, but under
different conditions.

• The resolution of a measurement system is the smallest variation in the quantity measured that can be
detected and displayed by the measuring system. It is important when considering the uncertainty of
primary data.

• The validity of data refers to the credibility of the research results from experiments or from
observations. For measurements to be valid, the investigation needs to measure what it sets out to
measure. When an investigation is valid, repeatable and reproducible, the data obtained can be regarded
as reliable.

• The best-designed experiments are accurate, precise, repeatable, reproducible and valid, while
minimising errors and uncertainties.

• Bias is an intentional or unintentional influence on an investigation as a result of errors introduced by
the researcher into the sampling or the testing procedures of an experiment. This affects validity.

12.3 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

12.3 Quick quiz 12.3 Exercise 12.3 Exam questions

12.3 Exercise

1. Distinguish between accuracy and precision.
2. When you conduct the same test using numerous samples, is this an example of reproducibility or

repeatability?
3. Give an example of when results would not be considered valid.
4. Explain, with reference to an example, why an experiment can be repeatable but not valid, whereas an

experiment that is valid must also be repeatable.
5. Three students conduct an investigation to confirm the spring constant of the same spring. This spring comes

from a box of springs with a spring constant of 25 N m–1.
Each student conducts their investigation four times and the results they obtained for the spring constant are
shown in the following table.
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Measurements, in N m–1, of the spring constant

Trial
Student 1

measurements
Student 2

measurements
Student 3

measurements
Trial 1 23.6 24.8 26.7

Trial 2 23.3 25.4 26.4

Trial 3 23.4 25.1 26.4

Trial 4 23.7 24.8 27.6

Mean 23.5 25.025 26.575

Range 0.4 0.6 1.2

a. Which student had the most accurate data? How do you know this?
b. Which student had the most precise data? How do you know this?
c. Student 3 realised they miswrote one of their results, in which 27.6 should have been 26.7. Does this

change your answers to parts a and b? Discuss.

12.3 Exam questions

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

MC The aim of darts is to hit the bullseye at the centre of a dartboard. Four darts players (A, B, C and D) each
threw three darts. The results of their throws are shown below.
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Which one of the players produced a set of attempts that could be described as being precise but inaccurate?
A. Player A
B. Player B
C. Player C
D. Player D
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Question 2 (1 mark)

MC Experimental bias can occur when
A. all variables but one are kept constant in an experiment.
B. a large representative sample size is used.
C. the results from one experimental group are ignored.
D. an experiment is repeated many times.

Question 3 (1 mark)

MC A student has connected a microphone to an oscilloscope in order to visualise the shape of the sound wave
emitted by a metronome and read its wavelength. Their teacher reminds them that they should calibrate the
oscilloscope before trying to read any values.

The reason the oscilloscope needs to be calibrated is to
A. ensure a random error would not influence the results.
B. eliminate the effect of all uncontrolled variables.
C. enable the use of the instrument with precision.
D. allow the wavelength to be measured accurately.

Question 4 (2 marks)

A student in Ballarat designed an experiment to measure the speed of sound in distilled water at 20 °C and
determined it to be 1479.6 m s–1. Weeks later, another student, in Geelong, used the same method and found the
speed to be 1482.7 m s–1.
a. Explain whether this is an example of repeatability or reproducibility. (1 mark)
b. The known value for the speed of sound in water at 20 °C averages at 1481 m s–1.

Explain whether the student’s results are accurate or precise. (1 mark)

Question 5 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q18; © VCAA

Two students, Rob and Jan, measure the current in the same circuit on separate occasions.

Rob obtains the following readings: 9.50 mA, 9.21 mA, 9.10 mA and 9.60 mA (average 9.35).

Jan obtains the following readings: 9.20 mA, 9.25 mA, 9.31 mA and 9.36 mA (average 9.28).

The true value of the current is known to be 9.35 mA.

MC Which one of the following best describes these two sets of measurements?
A. Rob’s results are more accurate than Jan’s results.
B. Both sets of results are equally accurate.
C. Rob’s results are more precise than Jan’s results.
D. Both sets of results are equally precise.

More exam questions are available in your learnON title.
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12.4 Characteristics of scientific methodology and
primary data generation

KEY KNOWLEDGE

• explain the characteristics of the selected scientific methodology and method including: techniques
of primary qualitative and quantitative data generation relevant to the selected investigation; and
appropriateness of the use of independent, dependent and controlled variables in the selected scientific
investigation

• apply methods of organising, analysing and evaluating primary data

KEY SCIENCE SKILLS

• Plan and conduct investigations
• Generate, collate and record data

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

conclusion a section at the end
of a report that relates back to the
question, sums up key findings and
states whether the hypothesis was
supported or rejected

scientific methodology the type
of investigation being conducted
to answer a question and resolve a
hypothesis

It is important to carefully follow the scientific method in conducting practical
investigations, to ensure that your results are precise, accurate, repeatable,
reproducible and valid. This includes minimising errors and uncertainties in data in
order to draw conclusions in relation to your question.

Each type of scientific methodology has its specific purposes, procedures, advantages
and limitations. The researcher’s choice depends on which method is most appropriate
for the specific topic of research interest and hypothesis being tested.

Components of scientific inquiry

Most scientific inquiries involve most, if not all of following:
• Formulating a question and hypothesis to be tested
• Controlling variables
• Using control groups and experimental groups
• Completing a logbook, outlining the introduction, methodology, results, discussion and conclusion of

an investigation
• Ensuring that methods are being used that allow for validity, accuracy, precision, repeatability and

reproducibility
• Ensuring that methods are being used that reduce uncertainties and errors
• Collecting data accurately in an appropriate form that best suits the question being investigated.

12.4.1 Types of scientific investigation methodologies
Different types of scientific inquiry and research methods that can be used are shown in table 12.5. These are
also outlined in the VCE Physics Study Design.

Many of these methodologies have very specific uses in various aspects of scientific investigation. You will find
that for Unit 4, Outcome 2, you will probably be conducting a controlled experiment within a classroom setting.
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TABLE 12.5 Types of scientific investigation methodologies

Methodology Use

Case study To investigate a particular event or problem that contains a real or hypothetical
situation, including the complexities that would be encountered in the real world

Classification and
identification

To arrange phenomena, objects or events into manageable sets, and to recognise
phenomena or objects as belonging to particular sets or possibly being part of a new
or unique set

Experiment To demonstrate a known fact, test a hypothesis or make a discovery; it may include
investigating the relationship between an independent variable and a dependent
variable, and controlling all other variables, as part of the scientific method

Fieldwork To generate site-specific data, recorded in the student’s logbook, to solve a problem or
to investigate an issue at a specific location

Literature review To collate and analyse secondary data related to other people’s scientific findings
and/or viewpoints in order to answer a question or provide background information

Modelling To construct a physical model or a conceptual model, representing a system involving
concepts that help people know, understand or simulate the system; or a mathematical
model, describing a system using mathematical equations involving relationships
between variables, which can be used to make predictions

Product, process or
system development

Designing an artefact, process or system to meet a human need

Simulation Using a model to study the behaviour of a real or theoretical system, when the
variables cannot be easily controlled (system is too complex, too dangerous, too
inaccessible etc.)

12.4.2 Characteristics of the scientific method
It is very important to follow a set scientific method in your investigation.

What is the difference between ‘scientific investigation methodologies’ and the ‘scientific method’?

Difference between ‘scientific investigation methodologies’ and the ‘scientific method’

Scientific investigation methodology is a technique used to make predictions and produce answers. The
scientific method is a particular scientific methodology and shows the steps and the process involved for
answering questions.

So, the scientific methodology is the overarching what you are going to do — the type of investigation you
are going to carry out, such as a case study, a controlled experiment or modelling — whereas the scientific
method is how you are going to do it — the steps you will follow to conduct your investigation.

scientific investigation
methodology the process
of finding the answer to a
question through testing and
experimentation

The scientific method is a set process that involves many distinct steps that allow
you to easily conduct an experiment and communicate your findings in response
to the scientific methodology you explored.
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FIGURE 12.17 There are many components of the scientific method.
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12.4.3 Designing an investigation
Designing an investigation means constructing a detailed experimental plan to test a hypothesis in advance
of doing the experiment. In VCE Physics Unit 4, your investigation must be student-designed, which means
creating a novel task from scratch to explore your investigation question.

A typical plan might include details under the headings shown in the following box; you would record these in
your logbook.

Title of experiment: This is usually your scientific question

Planning: A section to brainstorm ideas and show your planning

Aim: Include information about the purpose of the experiment

Hypothesis: Your hypothesis about what you expect will happen in your experiment

Background information: Some information about key concepts being explored in your investigation, and
details around these. This may include other investigations or practicals you have researched.

Materials: This would include the following items that should be checked with your teacher:
• The laboratory equipment and the consumables needed for your experiment
• Any personal safety equipment required and their availability checked.

Health, safety and ethical considerations:
• Consider any safety issues associated with the conduct of your experiment; for example, handling

potentially hazardous substances or using potentially hazardous equipment, such as some electrical
equipment.

• For each safety issue identified, list in your logbook the safety controls and precautions to be taken.
This can be done as a risk assessment.

• Consider any ethical issues associated with the conduct of your experiment; for example, the need to
apply appropriate protocols to access information about Aboriginal and Torres Strait Islander peoples’
knowledge or techniques.

Method:
• Identify your independent variable and how you will change it during the experiment.
• Identify the dependent variable expected to respond to these changes and identify how you will

measure the changes.
• Identify all the controlled variables to be kept constant throughout the experiment.
• Outline a clear step-by-step method.
• Include a diagram of your experimental set-up where appropriate.

Other factors that are important to consider during the design of your investigation include:
• the use of control and experimental groups
• the sample size
• how you are going to ensure accuracy, precision and validity
• how you will repeat the investigation to obtain more data and show reproducibility
• how you will control variables.
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Control and experimental groups

control group a group that is
not affected by the independent
variable and is used as a baseline
for comparison

experimental groups test group
that is exposed to the independent
variable

The design of many experiments includes a control group as well as one or more
experimental groups.

• The experimental groups are exposed to the changing conditions
determined by the independent variable.

• The control group is not affected by the independent variable.

For example, in an experiment concerned with the effect of adding resistors in a circuit on the brightness of
a light globe, the control group would be a trial with no resistor in the circuit, while the experimental groups
would be trialled with different numbers of resistors. For an experiment investigating the effect of the magnitude
of a force on the extension of a spring, the control group would be a trial with no force applied to the spring,
while the experimental groups would be trialled with different force magnitudes.

The control group serves several purposes, such as the following:
• It shows that the experiment is working; that is, the change in the dependent variable is due to the

independent variable.
• It provides a baseline result against which the results of the experimental group can be compared.

You need to decide on the number and size of the experimental groups, and whether a control group is required.
For instance, in an experiment concerned with the effect of temperature on the change of state of a substance,
control groups are often forgone as the effect of temperature cannot be removed — it can only be manipulated.

FIGURE 12.18 Comparing control and experimental groups
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Sample size

sample size the number of trials
in an investigation

The size of the control and experimental groups is an important factor in
experimental design. This is known as the sample size. The size of each group
must be sufficiently large so that:

• replicate results can be obtained, suitable averages can be calculated, and trends can be observed to allow
comparisons between the outcomes in the control and the experimental groups

• the results from the experimental group can be seen as applicable to the larger population.

The upper limit on sample size is determined by cost, time and space considerations, as well as other
practicalities.

Complicated formulae exist for calculating minimum sample sizes. However, one simple rule-of-thumb is that
ten observations are required for each experimental variable. This may not be possible in the scope of your
investigation, but is an important point of discussion.

Selecting appropriate equipment and techniques
When selecting appropriate techniques, it is important to:

• ensure the technique can be performed in an appropriate time frame
• ensure the technique is repeatable across multiple days
• ensure the technique is appropriate to your investigation and will allow you to support or reject your

hypothesis
• ensure that the data is easily recorded, measured and interpreted, with a particular emphasis on quantitative

data
• ensure that the technique can be safely performed; this is particularly important in a school, where health

and safety restrictions are closely regulated
• ensure that the equipment used in the technique is available and cost effective — if it is not available in a

school, find out whether it can it be used with permission at other locations
• ensure the technique allows for the control of other variables; if there are too many factors that cannot be

controlled and that will affect results, the technique is not a great choice for an investigation.

Equipment

FIGURE 12.19 Different types of measuring
equipment vary in precision

 

You should also consider the most
appropriate equipment to use for a
particular purpose.

Your school will have a range of
measuring instruments. They will vary
in precision, resolution and ease
of use.

You won’t always need to use the
most accurate instrument. A simple
instrument that allows for quick
measurements will often be enough.
Sometimes a simple stopwatch is just
as good as an electronic timer, and a
voltmeter may compare well to a very
accurate multimeter.

FIGURE 12.20 A
calorimeter

 

The following are some instruments that you might consider, categorised according to what they measure. There
are many more devices that you may choose to use. For example, you might want to use a calorimeter
(figure 12.20) to measure the heat capacity of a substance.
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Equipment to measure mass
• Beam balance (figure 12.21). Accurate, with a large range of values, but can be time-consuming to measure

several masses. Not used as often but is a good option, particularly if an object is quite heavy.
• Spring balance (figure 12.22). Quick to use and covers a large range of masses, but not very accurate.
• Top-loading balance (figure 12.23). Very accurate, very good for small masses and simple to use. With

equipment set up above the balance, it can be used to measure small variations in attractive and repulsive
forces, such as magnetic force, electric force and surface tension. If the balance sits on a laboratory jack,
force against distance can be easily measured.

FIGURE 12.21 A beam
balance

 

FIGURE 12.22 A spring
balance

 

FIGURE 12.23 A top-loading balance

 

Equipment to measure length
• Metre ruler. Accurate, good for a range of distances and can be read to about 0.5 millimetres.
• Laboratory jack. Used for fine adjustment of height.
• Vernier calliper (figure 12.24). Used for precision measurement of short distances, such as in determining

the refraction of light through a prism. Takes some time to learn how to use.
• Micrometer (figure 12.25). Used for precision measurement of thicknesses. Takes some time to learn how

to use and can be easily damaged.

FIGURE 12.24 A vernier calliper

 

FIGURE 12.25 A micrometer

 

Resourceseses
Resources

Video eLesson Using Vernier callipers (eles-2558)
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Equipment to measure time
• Stopwatch. Simple to use, accurate down to your response time, but not reliable for short time intervals.
• Electronic timer. Requires some instruction, is very accurate, is best-suited for short time intervals and can

be used with electrical contacts and photogates.

Equipment to measure temperature
• Glass thermometer. Very easy to use, but often works for set temperatures only (will not work if the

temperature is too high or too low). They are not as precise due to their limited number of markings.
• Digital thermometer. Very easy to use and gives more precise measurements, but is more expensive.
• Infrared thermometer. Easy to use, but can be more affected by external temperature; however, it is better

when measuring the temperature of gases and solids.

Equipment to measure motion
• Ticker timer (figure 12.26). Simple to use, but limited in accuracy. Works best with objects moving over a

short distance. Can be time-consuming to analyse.
• Air track (figure 12.27). Very accurate, particularly if used with photogates, and very effective in studying

collisions. Takes some time to set up, but data collection is very efficient once this is done.
• Ultrasonic motion detector (figure 12.28). Quite accurate and useful with real motions. It creates large

amounts of data, which means data analysis can be time-consuming.
• Video with analysis software. Quite accurate. Requires some setting up. Data is obtained from software, and

data analysis can be time-consuming. Examples of free video motion-analysis software include Tracker and
PhysMo. Digital cameras, such as GoPros, with high-speed video are useful for measurement of short, fast
events.

FIGURE 12.26 A ticker timer

 

FIGURE 12.27 An air track FIGURE 12.28 An ultrasonic
motion detector

 

Equipment to measure electrical values
• Meters. These include voltmeters (figure 12.29), ammeters and galvanometers. They are easy to set up but

care is needed to ensure the meter is wired into the circuit correctly, otherwise the meter can be damaged.
They have a large range of values, and usually analogue displays.

• Multimeters (figure 12.30). Easy to set up. They are more tolerant of incorrect use but can be damaged if
incorrectly connected to a high current. They have a large range of values, and usually digital displays.

FIGURE 12.29 A voltmeter

 

FIGURE 12.30 A multimeter
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Specialist equipment

You may also have access to some specialised equipment that you can use in your practical investigation. These
are unlikely to be available in a general school laboratory; however, it is important to note that the following
equipment is all highly accurate and precise. Discuss with your teacher if any of these are available for use
at your school or nearby. Alternatively, you may wish to explore these as a point of discussion in relation to
uncertainties and possible errors in the data and results you obtained.

• Cathode-ray oscilloscope (CRO) (figure 12.31). Even though the CRO is basically a visual voltmeter, it is
a versatile instrument. It can measure both constant and varying voltages. The sweep of the trace across the
screen can be used to measure time intervals of the order of millionths of a second.

FIGURE 12.31 A cathode-ray oscilloscope

 

• Data loggers. There are sensors now available for most physical quantities, such as temperature, pressure,
light intensity, motion, force, voltage, current, magnetic field and ionising radiation. The recording of data
by these sensors for later analysis greatly facilitates practical investigations.

• Apps. There are increasing numbers of apps that perform measurement functions. The accuracy of each
needs to be confirmed before being used in a formal investigation, but it is an area worth exploring. Some
sources include Physics Toolbox and Sensor Kinetics.

12.4.4 Conducting investigations
When conducting investigations, it is vital to:

• follow all health and safety protocols
• ensure you know how to use any chosen equipment correctly to minimise errors. Ask if you are not sure!
• carefully follow your methods; if any changes are required, note these down in your logbook
• make sure that you are controlling variables outside your independent variable to keep your results accurate

and precise
• clearly record any results obtained, along with the date. This includes any results that did not go according

to plan and any results for both control and experimental groups.
• make sure that you carefully pack up equipment after use. If equipment is required to be set up for a few

days, ensure it will be in a location where it cannot be affected by other individuals or environmental
factors.

• repeat your experiment (if time allows) to improve accuracy and minimise errors.
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12.4.5 Techniques of primary qualitative and quantitative data
collection

Types of data
Data is a set of facts that are collected, observed or generated.
Typically, data that you collect is raw data that must later be
analysed and interpreted to produce useful information.

Primary data refers to data that is collected firsthand. It provides
direct or firsthand evidence about some phenomenon, such as, for
example, a research investigation. Your completed logbook will be
a primary source of data about pursuing an investigation into your
research question.

Secondary data refers to summaries and commentary on the
primary data of another individual. Secondary sources include
review articles in newspapers and popular science magazines
written by one person who summarises and comments on the
research of others.

FIGURE 12.32 Recording data is vital in
investigations.

 

Qualitative and quantitative data

primary data direct or firsthand
evidence obtained from
investigations or observations

primary source a document
that is a record of direct or
firsthand evidence about some
phenomenon

secondary data comments on or
summaries and interpretations of
primary data

secondary source a document
that comments on, summarises or
interprets primary data

qualitative data data with labels
or categories rather than a range
of numerical quantities; also
known as categorical data

ordinal data qualitative data that
can be ordered or ranked

nominal data qualitative data that
has no logical sequence

quantitative data numerical data
that examines the quantity of
something (e.g. length or time);
also known as numerical data

continuous data quantitative
data that can take on any
continuous value

discrete data quantitative data
that can only take on set values

Qualitative data (or categorical data) are expressed in words. They are
descriptive and not numerical, and can be easily observed but not measured.
Bar graphs or pie graphs are often used to display the frequencies of categorical
variables.

There are two types of qualitative or categorical data:
• Ordinal data can be ordered or ranked — for example, ionisation energies

(first, second, third) or opinion polls (strongly agree, agree, disagree,
strongly disagree).

• Nominal data cannot be organised in a logical sequence — for example,
types of sub-atomic particles (proton, neutron or electron) or the type of
surface a ball rolls down.

Quantitative data (or numerical data) can be precisely measured and have
values that are expressed in numbers. Line graphs or scatterplots are often used
to display the frequencies of numerical variables.

There are two types of numerical data:
• Continuous data can take any numerical value, such as the release height

of a parachute (12.2 m, 16.9784 m, 1.02 m) or the temperature of an object.
These values are usually measured.

• Discrete data can only take on set values (integers) that can be counted,
such as the number of protons in an atom or the number of electron shells.
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TABLE 12.6 Examples of data types

Attribute Qualitative Quantitative
Length of pendulum Long 52 cm

Colour Green 520 nm

Sound Loud 85 decibels

Speed Fast 120 kph

Temperature Hot 100 °C
Gravitational force Strong 9.8 m s−2

When collecting data, it is vital to consider what is most appropriate for your investigation. Normally, the
best evidence is primary quantitative data, and for a majority of your investigations this is what should be
collected and recorded as a minimum. However, sometimes an investigation may only allow for the collection
of qualitative data. Qualitative data can be subjective — if you record the speed as fast, what does that mean? Be
clear and detailed in the data collected, particularly if using qualitative data.

It is also important that results are carefully checked to make sure that recorded data are correct. Many people
interpret measurements slightly differently, or use the wrong units, so make sure you are double-checking data.
All your collected data should be recorded in your logbook; note down all observations (usually in a table),
regardless of whether you think they are important or not.

12.4.6 Generating and collecting primary data
While conducting your investigation, you will generate and collect primary data. Information about how to best
present this data is covered in subtopic 12.6.

When generating and collecting primary data, it is important to:
• clearly record all observations, regardless of whether they support your hypothesis
• ensure you provide the date that each piece of primary data is collected
• outline the conditions when you collected your primary data (for example, the room temperature, humidity

or other conditions that may have affected your results)
• note down both qualitative and quantitative data
• use tables to help organise your data
• ensure you are using the most appropriate equipment to help gather the primary data
• note down other factors that may affect results. For example, if you are working in a group, did the same

group member take each measurement, or did different group members?
• ensure that all trials are recorded if you are completing multiple trials.

How can you generate and collect this data?
The collection of data is often made through observation and measurements. Observations can be made directly
through your senses — for instance, by using your sense of touch to categorise the roughness of a surface in an
investigation on friction.

Scientific observations are more often made using instruments that extend the power of the unaided senses,
permit accurate measurements, or enable collection of data that may otherwise be undetectable. Examples
include thermometers to measure temperature, micrometers to record thickness, scales to measure mass,
magnetometers to measure magnetic field strength or multimeters to measure electrical resistance, voltage or
current intensity.

Not all observations are made using instruments in a laboratory setting. Familiar tools that can be used to
gather data include digital audio recorders, video recorders and digital cameras. Can you think of other tools
for making observations and gathering data?

Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



12.4.7 Adapting and extending processes in investigations
During your investigation, you may need to adapt or extend the processes as you conduct your experimentation.
You may find that the technique you were planning to use does not work in the way that it should have, or that
you were unable to control variables.

You may need to make changes during your investigation to enable primary data to be collected. You may also
find that you only gain a limited amount of data that does not allow you to illustrate trends and patterns, so you
may choose to extend your investigation and gain more data points.

It is important that you clearly describe any adaptions or extensions in your logbook, explaining both why
and how the modifications were made. It is important when recording data that you also clearly show which
technique or piece of equipment you were using if you made any changes.

Key ideas

• Investigations can be conducted using various scientific investigation methodologies, including case
studies, classification and identification, experiments, fieldwork, literature review, modelling, simulation,
or product, process or system development.

• For this assessment, the main scientific investigation methodology you will use is a controlled experiment.
• In all experiments, the scientific method should be carefully followed.
• You should ensure that when designing an investigation you include a title, aim, hypothesis, materials,

method and safety/ethical guidelines.
• It is important to ensure variables not being tested are controlled.
• The experimental groups are exposed to the changing conditions determined by the independent variable,

but the control group is independent and not affected by those conditions.
• It is important to consider the sample size when designing investigations to allow for more reliable results.
• In any investigation, it is vital to consider the equipment and techniques being used, ensuring they lead to

minimal error and uncertainty.
• Primary sources of data are direct or firsthand evidence, often gained through practical investigations.
• Data can be quantitative (numerical) or qualitative (descriptive). Quantitative data is preferred in your

investigation as it is less subjective and allows for conclusions to be more easily drawn.
• It is vital to carefully choose the best techniques and equipment for an investigation. These should be

precise, accurate and easy to conduct within a school environment.

12.4 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

12.4 Quick quiz 12.4 Exercise 12.4 Exam questions

12.4 Exercise

1. Explain the difference between:
a. scientific methodology and scientific method
b. primary and secondary data
c. continuous data and discrete data.
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2. Is it essential that the results of an experiment can be replicated in order for the experimental method to be
considered robust? Explain your answer.

3. Give an example of when results would not be considered reproducible.
4. List two procedures that could adversely affect the internal validity of an experiment.
5. Give an example of a strength and a weakness of both quantitative and qualitative data.

12.4 Exam questions

Question 1 (1 mark)

Explain the purpose of including a control group when designing an investigation.

Question 2 (2 marks)

You wish to see if the level of humidity of a tennis ball affects its elasticity.

Twenty-four tennis balls are randomly divided into four groups — A, B, C and D — that is, 6 in each.

The tennis balls in group A are sprinkled with water; those in group B are completely dried; those in group C are
not altered in any way; and those in group D are completely soaked in water.
a. Which are your experimental groups, and which is your control group? (1 mark)
b. A student said: ‘Wouldn’t it be better to use all 24 tennis balls in 3 larger test groups of 8, rather than split

them into experimental groups and a control group?’
How would you respond to that student? (1 mark)

Question 3 (3 marks)

Describe three factors that you need to consider when selecting equipment for your investigation.

Question 4 (4 marks)

Consider an apple.
a. Identify three pieces of quantitative data that you could observe. (1 mark)
b. What instruments, if any, would you need to make these observations? (1 mark)
c. Identify three pieces of qualitative data that you could observe. (1 mark)
d. What instruments, if any, would you need to make these observations? (1 mark)

Question 5 (7 marks)

You have decided to conduct an investigation exploring the bounce of a standard ping-pong ball at different
temperatures (freezing and heating the ball) by measuring the height of the first bounce.
a. What is the independent variable and what is the dependent variable in this investigation? (1 mark)
b. Identify each variable as quantitative or qualitative. (1 mark)
c. Write an aim and hypothesis for this experiment. (2 marks)
d. List two variables that need to be controlled in this investigation. (2 marks)
e. MC Which of the following scientific investigation methodologies is most appropriate for this

investigation? (1 mark)
A Case study
B Literature review
C Simulation
D Experiment

More exam questions are available in your learnON title.
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12.5 Health, safety and ethical guidelines

KEY KNOWLEDGE

• Identify and apply health, safety and ethical guidelines relevant to the selected investigation

KEY SCIENCE SKILL

• Comply with safety and ethical guidelines.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

12.5.1 Health and safety guidelines
FIGURE 12.33 Laser safety glasses
are an example of personal protective
equipment.

 

Part of the enjoyment of a practical investigation is that the topic
may be unconventional or use an innovative method. Such situations,
however, can present some risk, so special care needs to be taken to
ensure you and others are safe.

General safety rules
Some general safety precautions will help to ensure that you and
others are not injured in the laboratory.

• Wear protective clothing. This might include a laboratory coat,
safety glasses and gloves.

• Be aware of the position of safety equipment such as a fire
blanket, fire extinguisher, safety shower and eyewash.

• Ask if you are unsure how to operate equipment or how to use apparatus.
• Read labels carefully to confirm contents.
• Clean and return all equipment to the correct places.
• Check for the correct disposal of equipment and chemicals, including damaged

equipment (e.g. broken glassware).
• Read instructions carefully before commencing an experiment.
• Prepare a risk assessment for required chemicals and equipment.
• Do the investigation as outlined in your approved plan. Don’t vary your plan without approval from your

teacher.
• Don’t do experimental work unsupervised unless you have prior approval from your teacher.
• When first setting up electrical experiments, ask your teacher to check the circuit.
• Don’t interfere with the equipment set-up of others.

Creating a risk assessment

risk assessment a document
that examines the different
hazards in an investigation and
suggests safety precautions

It is important to address health and safety concerns through the use of a risk assessment. Table 12.7 lists the
usual requirements for a written risk assessment. This assesses potential hazards with equipment being used and
standard handling procedures to ensure health and safety of individuals and the environment.

An example of a risk assessment is shown in figure 12.34. Risk assessments may also be created online using
various websites.

TABLE 12.7 Requirements for a written risk assessment

Requirement Information included

Outline of investigation Title, date and location of task

Summary of method Brief list of steps, including how the equipment will be used

Equipment/chemicals used List of materials used in the experiment

Equipment risks and
hazards

List of hazards associated with each of the materials and pieces of equipment being
used

Risk control measures Precautions taken to limit risks, including identification of safety equipment used
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FIGURE 12.34 An example of a risk assessment for an investigation

RISK ASSESSMENT

ACTIVITY Energy transferred by an electric current

SUMMARY OF EXPERIMENT

AIM To calculate how much energy is transformed from electrical potential energy into the internal energy

of a load 

METHOD 1. Determine the mass of the copper vessel in the calorimeter.

2. Add 100 mL of water to the vessel.

3. Note the initial temperature of the water.

4. Connect the circuit as shown in the diagram.

5. Set the power supply on 6 V and close the switch. Start the stopwatch.

6. Record the current passing through and the voltage drop across the calorimeter.

Agitate the water with the stirrer until the temperature of the water reaches a value 10 oC above its

initial value.

7. 

8. Open the switch and stop the stopwatch.

PROTECTIVE MEASURES

GLASSES GLOVES DUST MASK LAB COAT FUME HOOD

x x

SAFETY INFORMATION

CHEMICAL

Water

Hazards

• Temperature of water will increase during this 

investigation,                       which may lead to burns.

Safety precautions

• Use hand protectors or metal tongs when handling 

hot water vessel. 

• Allow water to cool before packing away equipment.

EQUIPMENT

Wire

Hazards

• Wire may be use as a restraint.  

• Wire may be wrapped around neck, which may lead to 

strangulation.

Safety precautions

• Only provide enough material for the investigation.

• Ensure cotton or wire is not wrapped around students.

EQUIPMENT

Power supply

Hazards

• If cable or power supply is not properly maintained, it

may lead to electric shock or electrocution. 

• Water may splash up onto power supply, leading to

electric shock. 

Safety precautions

• Regularly inspect for damage, particularly around cords 

or outlets, and get tagged and tested.

• Ensure water is kept away from power supply.

EQUIPMENT

Thermometer

Hazards

• There is a risk of glass breakage, especially if there are 

chips or cracks present.

• Some thermometers contain mercury, so if a

thermometer breaks, toxic mercury is released.

Safety precautions

• Wear gloves, safety glasses and a lab coat.

• Try to substitute mercury thermometer with alcohol 

thermometer.

CONCLUSION

• Ensure all equipment has been maintained and checked for damage before use.

• Allow equipment to cool before packing away.

 ______________________________                     Date: _______________________Signed:
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Risk assessments should also take into consideration correct disposal of equipment and chemicals to adhere
to safety and bioethical guidelines. Many chemicals are harmful to the environment, so correct disposal is
paramount. While chemicals on their own are not used often in practical investigations in physics, it is still
important to understand their disposal. Batteries, for example, can corrode or sustain damage, and chemicals
within them may leak.

Resources

Digital document Risk assessment template (doc-37979)

12.5.2 Ethics

FIGURE 12.35 Ethics relate to the idea of
moral choice.

 

Ethics relate to acceptable and moral conduct — this does not
apply only to scientific investigations, but to many aspects of
life, determining what is ‘right’ and what is ‘wrong’.

Science interacts with ethics in several ways, including:
• the way in which an experiment is conducted
• confidentiality around research
• conflicts with religious and personal beliefs.

Ethical standards and considerations also apply to any type
of research or data collection method involving people (or
animals).

Due to the nature of practical investigations in physics,
ethical considerations usually are not a factor. However,
it is important to take them into account, as situations may arise when data collection involves humans. For
example, you may be conducting surveys on issues regarding the greenhouse effect and climate science. The
confidentiality of individuals who provide responses needs to be considered and permissions gained.

It is important to be mindful of individuals’ personal beliefs. For example, many individuals are opposed to
experimentation on animals. This is an ethical consideration that needs to be evaluated and understood when
teaching and reporting on these topics. Ethics also includes the need to be honest and accurate in recording
experimental results.

Aboriginal and Torres Strait Islander cultural protocols
If your investigation is focused on Aboriginal and Torres Strait Islander peoples’ traditional knowledge,
techniques or artefacts, you will need to apply appropriate cultural protocols to access information. These are
ethical principles guiding one’s behaviour in a particular situation. They are designed to protect Aboriginal and
Torres Strait Islander peoples’ cultural knowledge and intellectual property rights, and will help you respect
Aboriginal and Torres Strait Islander cultural beliefs and practices.

ethics principles of acceptable
and moral conduct determining
what is ‘right’ and what is ‘wrong’

You could consider the following ethical considerations for an experiment:
• Gaining permission from local custodians/local community to conduct an investigation on any Aboriginal

or Torres Strait Islander knowledge or technologies
• Gaining permission to share information found/gathered from the investigation
• Acknowledging who you received information from, including where that person is from
• Centring the voice of Aboriginal and Torres Strait Islander peoples in the research
• Using appropriate and inclusive terminology when referring to and talking about Aboriginal and Torres

Strait Islander peoples, cultures, knowledge and technologies
• Compensating Aboriginal and Torres Strait Islander peoples for their time and

contributions to an investigation
• Ensuring knowledge is sought locally first before looking elsewhere.
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Be mindful, however, that there are no set rules for interacting with Aboriginal and Torres Strait Islander
peoples; consultation protocols and rules for interacting with Aboriginal and Torres Strait Islander peoples may
differ between communities. Some of the values and principles of these protocols are outlined in figure 12.36, to
serve as general guidelines.

FIGURE 12.36 Framework to protect the cultural and intellectual property rights of Aboriginal and Torres Strait
Islander peoples

Respect

Control

Attribution

Aboriginal and Torres Strait 

Islander peoples own and 

control their cultural and 

intellectual property

Proper consultation processes

with appropriate cultural 

authorities are to 

be followed

Aboriginal and Torres Strait

Islander peoples to be given

full and proper attribution

for sharing their heritage

Their rights and interests in 

how they are portrayed are 

to be respected

Approvals and permissions

to be sought

Informed consultation and consent

Right form of 

address

Aboriginal and Torres Strait 

Islander peoples to be asked 

how they want to be described/

identified/acknowledged

EXTENSION: The right to control the use of traditional knowledge

United Nations Declaration on the
Rights of Indigenous Peoples a
universal framework of minimum
standards for the survival, dignity
and well-being of the indigenous
peoples of the world

In the United Nations Declaration on the Rights of Indigenous Peoples adopted in 2007 (Australia was
among the only four countries who voted against it; however, in 2009, the Australian government endorsed the
declaration), Article 31 states that:
1. Indigenous peoples have the right to maintain, control, protect and develop their cultural heritage, traditional

knowledge and traditional cultural expressions, as well as the manifestations of their sciences, technologies
and cultures, including human and genetic resources, seeds, medicines, knowledge of the properties of fauna
and flora, oral traditions, literatures, designs, sports and traditional games and visual and performing arts.
They also have the right to maintain, control, protect and develop their intellectual property over such cultural
heritage, traditional knowledge, and traditional cultural expressions.

2. In conjunction with indigenous peoples, States shall take effective measures to recognize and protect the
exercise of these rights.

Source: Article 31 of the UN Declaration on the Rights of Indigenous Peoples

Resources

Weblinks Creative Commons for teachers and students
Copyright — The Australian Government
Victorian Aboriginal Education Association
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Key ideas

• In an investigation, care must be taken to follow ethical, health and safety guidelines.
• Health and safety is often evaluated using a risk assessment, where different hazards are analysed and

safety recommendations are made.
• Ethical practices are particularly important when humans and animals are involved as test subjects.
• To ensure your undertakings respect Aboriginal and Torres Strait Islander cultural beliefs and practices,

you will need to apply appropriate protocols to access information.

12.5 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

12.5 Quick quiz 12.5 Exercise 12.5 Exam questions

12.5 Exercise

1. Identify possible hazards with the following equipment:
a. Battery
b. Light globe used in a circuit
c. Bunsen burner
d. Beaker
e. Thermometer

2. Provide two examples of when ethics may be important in a physics investigation.
3. List five purposes of a risk assessment.
4. What other things do you think should be added to a risk assessment?
5. Draw a plan of your laboratory and label the positions of safety equipment.

12.5 Exam questions

Question 1 (1 mark)

MC A scientist makes a mistake when calculating the tensile strength of a new material. The mistake is carried
over into a published paper in a scientific journal.

What should the scientist do?
A They should ignore their mistake and hope no-one notices.
B They should pretend the journal made a typo.
C They should report their mistake to the editor of the scientific journal and ask that a correction be made in the

next edition of the journal.
D They should hang their head in shame and never do science again.

Question 2 (3 marks)

List the three main aspects to consider to protect the cultural and intellectual property rights of Aboriginal and
Torres Strait Islander peoples.
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Question 3 (3 marks)

A student wishes to investigate how the energy stored in a capacitor is transformed into mechanical energy and
potential energy. To do this, they are planning to charge a 2200-μF electrolytic capacitor with a 24-V DC power
supply, and then discharge it in a circuit with a 12-V DC motor that has a string and a 10-g mass attached to its
shaft. This student has never used a capacitor before and has no idea whether they pose any risks.

Research the hazards posed by an electrolytic capacitor and the safety rules to follow when working with such
capacitors, and write a small paragraph with a summary of your findings to advise this student.

Question 4 (6 marks)

A student wishes to investigate the effect of friction on the speed of a bowling ball (with a mass of 5 kg). They are
planning to let the ball roll down an existing 2-metre-long inclined plane making an angle of 30° with the ground,
and repeat the experiment 10 times.

Identify possible hazards and suggest safety precautions for this experiment.

Question 5 (10 marks)

A student has designed a homemade toy slingshot, with a wooden Y-shaped frame and a natural latex elastic
band, that is able to throw small plastic pellets. They wish to investigate how the elongation of the latex band
when shooting a projectile affects its range, and plan to use the slingshot in their school track field.

Identify possible hazards and suggest safety precautions for this experiment.

Please note that even a homemade toy slingshot could be a dangerous weapon and as such should never
be aimed at someone, and should only be used under the supervision of a responsible adult.

More exam questions are available in your learnON title.

12.6 Ways of organising, analysing and evaluating
primary data

KEY KNOWLEDGE

• apply methods of organising, analysing and evaluating primary data to identify patterns and relationships
including: the physical significance of the gradient of linearised data; causes of uncertainty; use of
uncertainty bars; and assumptions and limitations of data, methodologies and methods

KEY SCIENCE SKILLS

• Plan and conduct investigations
• Generate, collate and record data
• Analyse and evaluate data and investigation methods

Source: VCE Physics Study Design (2024−2027) extracts © VCAA; reproduced by permission.

12.6.1 Sources of error and uncertainty
In nearly all investigations, error and uncertainty are very difficult to avoid and can have a significant impact on
results. It is important to minimise errors and uncertainty in your investigations.
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Error

errors differences between a
measurement taken and the true
value that is expected; errors lead
to a reduction in the accuracy of
an investigation

personal errors human errors or
mistakes that can affect results
but should not be included in
analysis

systematic errors errors, usually
due to equipment or system
errors, that affect the accuracy
of a measurement and cannot
be improved by repeating an
experiment

random errors chance variations
in measurements

uncertainty a limit to the
precision of data obtained;
a range within which a
measurement lies

Errors are differences between a measurement taken and the true value that is expected. Errors lead to a
reduction in the accuracy of the investigation.

Several sources of error can be identified in an investigation:
• Personal errors are mistakes or miscalculations. If a personal error

is made, such as a gross misreading of an instrument and writing
the wrong result in the logbook (40 instead of 4.0, for instance),
the experiment should be repeated and the correct results should be
included. These are not usually discussed in your report.

• Systematic errors are errors that affect the accuracy of a
measurement and cannot be improved by repeating an experiment.
They are usually due to equipment or system errors. They produce
measurements that are consistently too high or too low; for
example:
• instrumental errors that arise because an instrument, such as a

weighing balance, is uncalibrated and incorrectly set to zero,
causing all measurements to be inaccurate

• observational errors that arise because the observer does not read
the measurement correctly, such as looking at a liquid level near
the edge of the container instead of looking as the meniscus

FIGURE 12.37 Liquids should be
measured from the bottom of the
dip (meniscus) to avoid errors.

 

• environmental errors that arise because of changes in the conditions
surrounding the experiment, such as a power outage, and affect the
conditions under which an experiment is being conducted

• theoretical errors that arise because the investigation model is flawed, such
as considering that temperature does not affect your experiment (and thus
not controlling this variable) when it actually does impact your dependent
variable.

• Random errors are chance variations in measurements that affect the precision
of measurements and are always present in measurements of continuous
data. Examples of random errors include an error of judgement when
reading the smallest division on the scale of a measuring instrument, such as
a ruler, or not placing a mass to be measured correctly at the centre of a scale.
Unlike systematic errors, these can usually be resolved with repetition of
measurements and the calculation of an average.

Both systematic and random errors are known as measurement errors. They need
to be discussed in your evaluation of results and accounted for. As shown in
figure 12.38, systematic errors mostly affect the accuracy of the data obtained,
whereas random errors affect the precision of data.

Uncertainty
Uncertainty is acknowledging that no matter how precise an instrument might be, there is a limit to that
precision, the resolution of the instrument, and therefore some variability in the data obtained. Two examples
of measuring uncertainties are detailed below.

Reading rulers

A metre ruler has lines to mark each millimetre, but there is space between these lines. The resolution of the
ruler is therefore 1 mm. You could measure a length to the nearest millimetre but because of the space between
the lines, if you look carefully, you can measure to a higher precision. You can measure to the nearest
0.5 millimetre.
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FIGURE 12.38 Comparing the effect that systematic and random errors have on results

 

Systematic errors Random errors

The best estimate for the length of the red
line in figure 12.39 is 2.35 centimetres. The
actual length is closer to 2.35 centimetres
than it is to either 2.30 centimetres or
2.40 centimetres. The measurement of
2.35 centimetres says the actual length
is somewhere between 2.325 and 2.375
centimetres (0.025 cm lower than and higher
than the recorded measurement of 2.35 cm).

FIGURE 12.39 Errors in rulers

The way to write this is:

The length of the red line = 2.35 ± 0.025 cm

The 0.025 represents the tolerance or uncertainty in the measurement (half of the precision that can be recorded).
It is important to note that the tolerance will depend on the resolution of the ruler — sometimes you may not be
able to determine if a measurement is halfway between two points, so your uncertainty will be larger.

Reading top-loading balances

Consider the scales shown in figure 12.40. The reading on these digital
scales may be 8.94 grams. This means the mass is not 8.93 grams nor 8.95
grams. The actual mass is somewhere between 8.935 and 8.945 grams. We
can also calculate this uncertainty by calculating half of the smallest unit that
can be recorded (so half the resolution of the measuring tool). For the scales,
the smallest unit that can be recorded is 0.01 g, so the uncertainty is half of
this (0.005 g). The way to write this is:

The mass = 8.94 ± 0.005 g

FIGURE 12.40 Top-loading
balances measure to a certain
number of significant figures.
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FIGURE 12.41 What is the tolerance in these measuring instruments?

a. b.

SAMPLE PROBLEM 4 Recording readings on measurement instruments with tolerance
tlvd-0104

a. Record the reading on the scales shown in figure 12.41a including the uncertainty.
b. Record the reading on the thermometer shown in figure 12.41b including the uncertainty.

THINK WRITE

a. 1. Determine the reading on the scale. a. 128.93

2. Determine the range of the measurement. The measurement can be between 128.925 and
128.935.

3. Determine the tolerance.
One way to calculate this is half of the
smallest unit that can be measured.

0.01 g is the smallest measurement possible.
0.01
2

= 0.005 g

4. State the solution. The mass is 128.93 ± 0.005 g.

b. 1. Determine the reading on the thermometer. b. 47°C
2. Determine the range of the measurement.

In this case, you can tell if the thermometer
is in 0.5 increments due to the gaps in the
thermometer, so our range is smaller.

The measurement can be between 46.75 and
47.25.

3. Determine the tolerance.
One way to calculate this is half of the
smallest unit that can be measured (our
smallest unit is 0.5).

0.5 g is the smallest measurement possible.
0.5
2

= 0.25
4. State the solution. The temperature is 47 ± 0.25 °C.

PRACTICE PROBLEM 4

a. Record the reading on scales, including the uncertainty, that show a reading of 0.12.
b. Record the reading on scales, including the uncertainty, that show a reading of 0.195.

Suggesting improvements
When you are evaluating your primary data, it is important to understand how it is affected by error and
uncertainty, and how these are impacted by factors such as precision, accuracy and validity.
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At this point you should be able to suggest improvements to increase accuracy and precision, and to reduce the
likelihood of random and systematic errors. This may involve improvements to:

• the use of equipment
• the number of samples
• the techniques used
• the collection of data.

The improvements you suggest should have an effect on the data you obtain, and should help ensure that another
person repeating your investigation can follow these suggestions to improve the accuracy and precision of their
results. An improvement should be able to have a quantifiable impact that is focused on minimising systematic
and random errors.

Improvements should not be targeted towards personal errors (for example, ‘take more care’; ‘ask the teacher for
more time’), as these are not errors with the experimental design but mistakes made by an experimenter.

Resources

Video eLesson Calculating error (eles-2560)

12.6.2 Organising primary data
Scientists gather raw data or plain facts from their
observations. Data must be recorded at the time in a suitable
form as, for example, text entries, sketches, tables and
diagrams in logbooks or in field notebooks. These may be
supplemented by audio and video recordings.

Some of the most common ways to organise and present
primary data include:

• tables
• schematic diagrams
• flow charts
• graphs.

As part of your investigation and your representations
and analysis of primary data, you may need to do some
simple calculations — which may include calculations of
percentages, mean, percentage change and ratios —
to be able to provide a richer comparison.

FIGURE 12.42 Using logbooks is an easy way
to record data.

 

Using tables
Tables should be used when you initially record; they help to separate and organise your information. This is
usually the most appropriate technique to gather your data for your logbook.

All tables should:
• have a heading
• display the data clearly, with the independent variable in the first column and the dependent variable in later

columns
• include units in the column headings and not with every data point
• be designed to be easy to read; if a table becomes too complicated, it is better to break it down into a

number of smaller tables
• use appropriate significant figures (or decimal places) that are consistent across data sets (for example, if

one data point is 2.5, the other data point cannot be just 1; it should be 1.0).
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FIGURE 12.43 Format of a scientific table

Temperature of Earth at different depths  

Depth

(km)

Temperature

(°C) 

0  15

1  44

2  73

3 102

4 130

5 158

6 187

7 215

8 242

Include the measurement units

in the headings. 

Use a ruler to draw lines for

rows, columns and borders. 

Enter the data in the body of the table. Do

not include units in this part of the table. 

The column headings show clearly

what has been measured. 

Always include a title

for your table. 

Using graphs
Presenting results as a graph makes it easier to see patterns and trends in your data, allowing for more accurate
result analysis.

When drawing graphs:
• decide on the type of graph to be used. Different types of information are better suited to different types of

graphs. When data is qualitative, a pie, column or bar graph is better; however, if data is quantitative, a line
graph or scatterplot (or scattergram) may be more suitable.

• include a title; this should link the dependent and independent variables that are shown in the graph
• the independent variable should be on the horizontal (x) axis and the dependent variable on the vertical (y)

axis for most graph types (excluding pie graphs)
• axes should be ruled and each should be clearly labelled. Those displaying numerical variables should have

a clearly marked scale and units.
• make sure your scale is suitable and the numbers are evenly distributed
• for continuous variables, it is often appropriate to draw a line (or curve) of best fit. This is a smooth curve

or line that passes as close as possible to most of the plotted points.
• include the origin, the zero value for the variables, on both axes
• include error bars, also called uncertainty bars, to show uncertainty, if known. Uncertainty bars are a

graphical representation of the estimated error, or uncertainty, in a measurement.

The most common representations include:
• scatterplots
• line graphs
• histograms
• bar/column graphs.
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Scatterplots

scatterplot a graph in which two
quantitative variables are plotted as
a series of dots

line of best fit a trend line that
is added to a scatterplot to best
express the data shown; these are
straight lines, and are not required
to pass through all points

Scatterplots require both sets of data to be numerical or quantitative. Each dot represents one observation,
recorded in regard to the independent and dependent variable. A scatterplot can easily show trends between data
sets, and correlations can be seen.

FIGURE 12.44 Examples of a. a scatterplot and b. a scatterplot with a line of best fit
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Line of best fit

A line of best fit can be used to show the general trend of data and provides a quick summary of a
relationship. The line of best fit doesn’t need to pass through each data point but should be as close as
possible to them. This can be seen in figure 12.44a, in which A is a better line of best fit, despite not going
through all points. As a general rule, try to have as many data points above your line as you have below.
Don’t assume your line must pass through the origin (0, 0). A line of best fit does not always need to be a
line, but may instead be a curve, or show an exponential relationship, as seen in figure 12.45.

FIGURE 12.45 Example of a scatterplot with an exponential line of
best fit
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Line graphs

line graph a graph in which
points of data are joined by a
connecting line; used when both
pieces of data are quantitative
(numerical)

In a line graph, a series of dots represents the values of a variable and the dots
are joined using a straight line (this is different to a line of best fit, which shows
a general relationship and does not have to go through each point). Line graphs
are often used to show changes over a continuous period of time, or over space. In
particular, line graphs can identify patterns, trends and turning points in a data set.
Line graphs are sometimes curved rather than straight point to point.

FIGURE 12.46 Setting up a line graph

1. Grid

Graphs should always be drawn on 

grid paper so values are accurately 

placed. Drawing freehand on lined or 

plain paper is not accurate enough for 

most graphs.

2. Title

Tell the reader what the graph is 

about. The title describes the results 

of the investigation or the relationship 

between variables.

3. Setting up and labelling the axes

Graphs represent a relationship 

between two variables. When 

choosing which variable to put on 

each axis, remember that there is 

usually an independent variable (which 

the investigator chooses) and a 

dependent variable. For example, if 

students wish to find out how far a

runner could run in 15 seconds, they 

may choose to measure the distance 

over set times. The time of each 

measurement was chosen by the  

students and is the independent 

variable. The distance measured is 

therefore the dependent variable. 

Usually the independent variable is 

plotted on the x-axis and the 

dependent variable on the vertical 

y-axis.

After deciding on the variable for 

each axis, you must clearly label the 

axes with the variable and its units. 

The unit is written in brackets after the 

name of the variable.

4. Setting up the scales

Each axis should be marked into units 

that cover the entire range of the 

measurement. For example, if the 

distance ranges from 0 m to 96 m, 

then 0 m and 100 m could be the 

lowest and highest values on the 

vertical scale. The distance between 

the top and bottom values is then 

broken up into equal divisions and 

marked. The horizontal axis must also 

have its own range of values and 

uniform scale (which does not have to 

be the same scale as the vertical axis).

The most important points about the

scales are:

• they must show the entire range of 

 measurements

• they must be uniform; that is, show  

 equal divisions for equal increases  

 in value. 

Distance covered by a runner in

15 seconds

Time (s)

D
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m

)

5 10 15
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80

60
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0
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5. Putting in the values

A point is made for each pair of values (the meeting point of two imaginary lines from

each axis). The points should be clearly visible. Include a point for (0, 0) only if you

have the data for this point.

6. Drawing the line

A line is then drawn through the points,

connecting them together. Some points

follow the shape of a curve, rather than a

straight line. A curved line that touches

all the points can then be used,

connecting them together.

7. Adding uncertainty bars

If uncertainty is known (data

points provided with a

numerical representation

of the uncertainty), add

uncertainty bars on the data

points. For instance, if at 10 s,

the distance was to be

37 m ± 1 m, then you would

need to add an uncertainty

bar to represent this. Note

that generally, if uncertainty

is known and represented,

it is represented for all the

data points.

  

  

Data table

Distance  

(m)

Time  

(s)

0 4

8 5

3710

15 96
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Bar graphs

bar graph a graph in which data is
represented by a series of bars; bar
graphs are usually used when one
variable is quantitative and the other
is qualitative

histogram a graph in which data is
sorted in intervals and frequency is
examined, and is used when both
pieces of data are quantitative;
all columns are connected in a
histogram

Bar graphs are often used when one piece of data is qualitative and the other is quantitative. The bars are
separated from each other. The horizontal or x-axis has no scale because it simply shows categories. The vertical
or y-axis has a scale showing the units of measurements.

Bar graphs can also be used to compare two sets of data by using side-by-side bars, as shown in figure 12.47b.

FIGURE 12.47 Bar graphs: a. showing differences in gravity of the four terrestrial planets and b. comparing the
height of bouncing balls on different surfaces
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Histograms

A histogram is a special kind of bar graph, showing continuous categories. The bars are not separated, unlike
in a bar graph. Histograms are often used when examining frequency. In figure 12.48, the exact values cannot
be determined, as data are displayed in intervals. For example, it can be seen that there were 40 cars that had a
speed in the interval 10–20 km h−1. We do not know what specific values these are.

FIGURE 12.48 A histogram showing speed deceleration for airbag deployment of 166 tested cars
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Using Microsoft Excel
The Excel spreadsheet is a very useful tool to
the experimenter. It can:

• store your measurements. Make sure you
save your data every few minutes and do
a backup every day.

• calculate any derived physical quantities,
such as speed and acceleration of a
parachute or the percentage of energy
lost by a bouncing ball. The ‘Fill down’
command is a time saver.

• be a powerful graphing tool, but must be
controlled by the user. You will have
to select the graph and choose what
aspects of your graph you want to show
and what scale on the axes you want,
what you want to label your axes and
whether you want the data displayed on
the graphed points.

FIGURE 12.49 Excel is a useful data tool.

• generate a line of best fit. If you right-click on any data point, a window pops up with the option ‘Add
Trendline’. This is the Excel command to create a line of best fit. Once selected, you have several choices.
If your graph looks like a straight line, choose ‘Linear’.

• create error bars (with different types of error bars being available, such as fixed values, percentage,
standard deviation, standard error or custom.).

The error bars can be different for the horizontal and vertical coordinates, as illustrated in figure 12.50, which
shows representations in Excel and Desmos of the error bars for the example shown later, in section 12.7.5.

FIGURE 12.50 Error bars using different applications: a. Excel and b. Desmos

b.a.
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Resources

interactivity Selecting a graph (int-7733)

Weblink Microsoft Excel video training

12.6.3 Analysing primary data
When analysing primary data, it is important to explore trends and patterns that can be seen.

This may include asking questions such as:

outlier an unusual result that differs
from other results

• Is there a clear positive or negative correlation in the data?
• A positive correlation (figure 12.51a) refers to when one variable increases in response to another

increasing variable (for example, increasing the temperature increases the rate of dissolution of a solute
in a solvent).

• A negative correlation (figure 12.51b) refers to when one variable decreases in response to the other
variable increasing (for example, increasing the length of a torque wrench decreases the force required
to loosen or fasten a nut).

• Are there any outliers (unusual data)?
• What results would you expect for specific data that you didn’t observe

experimentally?
• Can you calculate the average for your data?

FIGURE 12.51 a. Positive correlation between variables b. Negative correlation between variables
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Negative correlation

Analysis of your data often depends on the type of graph selected, as it alters the way that trends and patterns
can be seen. For example, the graphs in figure 12.52 show the same data presented in three ways.
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FIGURE 12.52 Various graphs showing temperature change over time: a. scatterplot using a line of best fit b. line
graph c. bar graph
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b.

If you were analysing the data from each of the three graphs, the following information may be revealed.

TABLE 12.8 Trends observed from three graphs

Graph Trends observed

Graph a There is a clear downward trend in data, as temperature decreases over time. However, the data at 25°C is slightly higher than the expected pattern based on trends, and the data at 30 °C is slightly lower
than expected.

Graph b There is a clear downward trend in data, as temperature decreases over time. The rate of temperature
drop slows after 15 minutes, before the rate increases again between 25 and 30 minutes.

Graph c There is a clear downward trend in data, as temperature decreases over time. The temperature is
lowest at 30 minutes, where it is half the temperature seen at 15 minutes.

Graphs a and b are more powerful representations of the given data compared to graph c. Regardless of the
graph type used, it is important that it shows any clear trends and patterns seen in the data, and that any outliers
(unusual data) can be seen.
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Outliers

Outliers are results that are far removed from other results and
seen as unusual.

They should be accounted for and analysed but are not often
included when averages are calculated. However, it is important
to consider why outliers have occurred as part of your discussion
and evaluation of data.

If you had an outlier, what did you do about it? Rather than
ignoring it, you should try to account for it. Most commonly,
it will be a systematic error, a random error or a personal error
in measurement or in calculation, and so can be dropped.
Occasionally, an outlier can be a legitimate observation that
warrants further investigation

FIGURE 12.53 Outliers in data are
unusual results.

 

Interpolation and extrapolation

interpolation an estimation of a
value within the range of data points
tested

extrapolation an estimation of a
value outside the range of data
points tested

Graph analysis can also be used to predict and make assumptions about data that
was not gathered experimentally. This can be through interpolation (predicting data
points within the data set that were not measured) or extrapolation (predicting data
points outside the data set based on the predicted relationship).

Based on the graphs in figure 12.52 you might estimate:
• the temperature at 45 minutes (extrapolation)
• the temperature at 13 minutes (interpolation)
• the time that the temperature was 45 °C.

The prediction you get may vary greatly between all the graphs, so it is important to carefully consider which
you use.

TABLE 12.9 Analysing data from different graph types

Graph a Graph b Graph c

Temperature at 45 minutes 20 °C 13 °C 10 °C
Temperature at 13 minutes 65 °C 62 °C 66 °C
Time the temperature was 45 °C 24 minutes 27 minutes 26 minutes

Direct variation
When analysing data, you may observe that a change in one variable results in a change in the other variable by
the same proportion. This is known as being directly proportional and is a way to describe and analyse the data.
Consider, for example, the relationship described by the equation y ∝ x. This type of relationship is known as a
direct variation. The relationship can be written as:

y = kx

where k is a constant of proportionality.

The ratio
y

x
is constant — that is, if x is doubled, y doubles; if x is tripled, y triples; and if x is halved, y halves.
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Many relationships in physics involve direct variation or direct proportion. For example, the power, P, delivered
to an electric appliance is directly proportional to the voltage, V, across it and the current, I, passing through it.
In symbols:

P∝VI

If either V or I are doubled, P changes by the same proportion — that is, it doubles. If both V and I are doubled,
P changes by a factor of four.

When one quantity is directly proportional to the reciprocal of another, the relationship is defined as an inverse
variation. For example, the electrical resistance, R, of a length of wire is directly proportional to the reciprocal
of the cross-sectional area, A, of the wire. In symbols:

R ∝ 1

A⇒R = k

A

where k is a constant of proportionality.

R is said to be inversely proportional to A. The product of R and A is constant. If A is doubled, R is halved. If A
is tripled, R is divided by three. If A is halved, R doubles.

12.6.4 Evaluating primary data
When you evaluate data, it is important to link back to the initial question. Evaluation builds on the analysis
of data. While analysis is mostly about interpreting the data obtained, evaluating is about determining the
significance of data in relation to the investigation question.

Evaluating primary data

Some of the questions you should explore when evaluating data include:
• Does the data provide an answer to the question of your investigation?
• Does the data support or refute your hypothesis?
• If there were any outliers, errors or uncertainty in your data, why may these have occurred?
• Does your data link to correctly supported models and theories?
• Are there further improvements that you could make to improve your data in future investigations that

may reduce errors or limitations?

Sample evaluation of data
It is important when evaluating data that you can explain and justify this in relation to your question.

Two examples of evaluating the data in figure 12.52 are presented below.

Student 1. It can be seen from the results that temperature decreased.

Student 2. From the table, it is clear that temperature decreases over time, dropping from an initial temperature
of 90 °C to a final recorded temperature of 30 °C. While there is a clear trend in temperature decreasing over
time, the rate of decrease was inconsistent, particularly between 25 and 30 minutes. This may be due to a
decrease in external air temperature, causing the rate of heat loss through convection to change.

It is clear that student 2 had a better grasp on evaluating the data, being able to describe trends and a link to
theory. What else should they add?
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Key ideas

• Both errors and uncertainty can affect the results gained.
• Errors are usually either systematic errors (which affect accuracy and cannot be improved by repeating

an experiment) or random errors (which affect precision and are chance variation).
• Uncertainties are limits to the range of values that can be measured with a specific piece of equipment.

The uncertainty of a measurement depends upon the resolution of the measuring tool used.
• Data can be organised in a variety of ways, including through the use of tables and graphs.
• Scatterplots and line graphs are used when both variables are quantitative.
• Bar graphs are used when one piece of data is qualitative and the other is quantitative.
• Histograms are used when intervals and frequency are being explored.
• It is important to choose an appropriate type of organising data in order to analyse trends, patterns and

relationships.
• Graphs can be used to predict data outside of the investigated set.
• When evaluating data, it is important to link it to scientific concepts, models and theories, link it back to

your aim and hypothesis, describe trends and patterns, and identify any outliers or limitations.

12.6 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 

feedback and access 

sample responses

Access 

additional 

questions

Track your 

results and 

progress

Find all this and MORE in jacPLUS 

12.6 Quick quiz 12.6 Exercise 12.6 Exam questions

12.6 Exercise

1. MC You conduct an experiment and record the data. You notice that some of the data doesn’t fit with what
you expected or doesn’t agree with the other data.
Which of the following actions should you take?
A. Toss it out as it looks wrong.
B. Figure out what you want the data to show and then decide if you will keep it.
C. Try to identify why this occurred, then decide if it should be kept or discarded, and discuss it in your result

analysis.
D. Change your data to match your hypothesis.

2. Describe the difference between a random and a systematic error, and provide two examples of each.
3. Identify which graph type would be most appropriate for the following investigations. Justify your choice.

a. Calculating the height of a rocket over time
b. Determining the volume of an airbag upon crashing in six different brands of car
c. Measuring the surface area of a melting ice cube every minute for 20 minutes
d. Showing the frequency of goals scored out of 200 attempts for 1000 students
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4. Using the data in the following table, construct an appropriate graph.

Time (min) Height of candle (cm)

0 32

5 29

10 25

15 23

20 19

25 15

Once you construct the graph, analyse and evaluate the data shown.
5. Describe how an outlier should be treated in analysing and evaluating data.

12.6 Exam questions

Question 1 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.20; © VCAA

MC Which one of the following statements about systematic and random errors is correct?
A. Random errors can be reduced by repeated readings.
B. Both random and systematic errors can be reduced by repeated readings.
C. Systematic errors can be reduced by repeated readings.
D. Neither systematic nor random errors can be reduced by repeated readings.

Question 2 (5 marks)
Source: VCE 2021, Physics NHT Exam, Section B, Q.18d (adapted); © VCAA

A small rubber ball of mass 50 g falls vertically from a given height and rebounds from a hard floor. The ball’s
speed immediately before impact is 3.6 m s–1. The ball rebounds upward at a speed of 3.3 m s–1 immediately
after it leaves the floor. The ball is in contact with the floor for 40 ms.

During their practical investigation, some Physics students investigate the movement of a small rubber ball.
The ball falls from a height of 1.00 m and rebounds to a height of 0.78 m. The students record the ball’s vertical
position versus time by using a smartphone’s video feature and a metre rule scale.

The uncertainty in the ball’s vertical position is ± 0.03 m. The results from the students’ recorded data are plotted
on the graph in Figure 21.
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On the graph in Figure 21:
• label each axis and include units on each axis (2 marks)
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• insert appropriate uncertainty bars for the height values on the graph, for the readings for the
first four data points after the ball is released (1 mark)

• draw smooth curves of best fit. (2 marks)

Question 3 (2 marks)

Consider the data in the following table.

Electrical conductivity of some metals

Material Electrical conductivity (S m–1)

Silver 62.1

Copper 58.7

Gold 44.2

Aluminium 37

Platinum 90

a. Identify which graph type would be most appropriate to represent this data. (1 mark)
b. Are there any changes or improvements you would recommend for this table? (1 mark)

Question 4 (5 marks)
Source: VCE 2018, Physics Exam, Section B, Q.20a; © VCAA

Some students have collected data on the orbital period, T, and orbital radius, R, of five of Saturn’s moons. The
results are shown in the table below. Assume that the moons are in circular orbits.

Moon Orbital period (s) Orbital radius (m) T2 (1010 s2) R3 (1024 m3)

Mimas 8.14 × 104 1.86 × 108 0.66 6.40

Enceladus 1.18 × 105 2.38 × 108 1.39 13.5

Tethys 1.63 × 105 2.95 × 108 2.66 25.7

Dione 2.36 × 105 3.77 × 108 5.57 53.6

Rhea 3.90 × 105 5.27 × 108 15.2 146

On the axes provided below:
• plot a graph of the observational data T2 versus R3

• include a scale on each axis
• draw a line of best fit.

 R3 (  m3)

T 2

( s2)
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This may be drawn in the Workboard provided, or in your workbook.

Question 5 (6 marks)

Consider the data in the following table.

CO2 emissions per capita and per country in 2016

Country CO2 emissions per capita (tons) CO2 emissions per country (109 tons)

China 7.38 10.43

United States 15.52 5.01

India 1.91 2.53

Australia 17.10 0.41

Japan 9.70 1.24

Present this data in the form of a graph.

More exam questions are available in your learnON title.

12.7 Challenging scientific models and theories

KEY KNOWLEDGE

• discuss the nature of evidence that supports or refutes a hypothesis, model or theory

KEY SCIENCE SKILL

• Analyse, evaluate and communicate scientific ideas
• Construct evidence-based arguments and draw conclusions

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

12.7.1 Models and theories
Models and theories are a primordial part of science. It is important to be able to use models and theories to
allow us to understand a variety of observed phenomena, but also to understand the limitations and the idea that
they may change as more observation and research is conducted.

Models
Models are representations of ideas, phenomena or scientific processes. They can be physical models,
mathematical models or conceptual models. Models can provide an explanatory framework that explains
observed phenomena and helps with the understanding of abstract concepts. In physics, many concepts are hard
to visualise, so models help contextualise ideas on a smaller and simpler scale.

Models are constantly being refined as new information becomes available. One model that has continuously
changed is that of the atom (see figure 12.54).

Theories model a representation of
ideas, phenomena or scientific
processes; can be a physical
model, mathematical model or
conceptual model

theory a well-supported
explanation of phenomena, based
on facts that have been obtained
through investigations, research
and observations

A theory is a well-supported explanation of a phenomenon. It is based on the
interpretation of facts that have been obtained through investigations, research and
observations.
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FIGURE 12.54 Various models of the atom
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12.7.2 Using strong evidence
In order to support or refute a hypothesis, model or theory, it is important to use strong evidence. Strong
evidence usually comes from investigations and the collection of data.

Investigations that have strong evidence include the following features:
correlation the measure of a
relationship between two or more
variables

causation occurs when one factor
or variable directly influences the
results of another factor or variable

randomised refers to when the
assigning of individuals to an
experiment or control group is
random and not influenced by
external means

• A basis in facts derived from studies with high validity and minimal bias
• Statistical evidence to support conclusions
• A clear distinction between correlation and causation — two variables may

often have some correlation (they both increase, for example), but have no
causation (one variable does not cause the change in value in the other)

• Data from investigations that have a reproducible and reliable method — reliable
methods include those that are randomised and have a control group

• Peer-reviewed research formed from scientific ideas.

12.7.3 Supporting and refuting hypotheses
As part of your analysis and evaluation of data, and constructing your conclusion, you should be addressing your
hypothesis.

If the prediction from your hypothesis was validated by your experimental results, you should say that your
hypothesis is ‘supported’; if your hypothesis was not supported by your results, you should say that it is
‘refuted’ (or rejected).

It is important to remember that we do not say a hypothesis is proven. This is because as new technologies
and information become available, evidence can change and be interpreted in different ways. This may then
disprove a previously supported hypothesis. We support a hypothesis based on the information we have available
at that time.

A good example of this is to consider the search for fossil evidence. When fossils of Neanderthals were first
discovered, they were found to have many similarities to Homo sapiens, so it was hypothesised that they were
our ancestors. The evidence available at that time supported this. However, as the techniques of exploring
evolutionary patterns were developed, particularly through the use of genome comparisons, this was refuted (or
rejected).

So while there was nothing wrong with supporting the hypothesis at the time because evidence supported it, we
cannot prove a hypothesis as 100 per cent correct or valid.
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FIGURE 12.55 Strong evidence involves many facets.
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TABLE 12.10 Simple examples of results that can support or disprove a hypothesis

Observation Hypothesis Test of hypothesis Result Conclusion

The toaster has
stopped working.

The power point is
faulty.

Use a different power
point.

The toaster works
in the different
power point.

Hypothesis
supported

The car won’t turn on. The battery is flat. Replace the battery. The car still won’t
turn on.

Hypothesis
rejected

12.7.4 Supporting and refuting models and theories
As part of your investigation, you may be exploring various models and theories, and finding evidence that may
refute or support them.

Science involves both being able to challenge current scientific theories and models, and gain results that are
consistent with and support current models and theories. Scientific investigation is always being developed in
this way.

How do we support or refute models and theories?
Similar to supporting or refuting hypotheses, we need to use strong evidence to support or refute models and
theories. The strongest evidence is your firsthand evidence that was obtained through scientific investigation
using accurate, precise and valid methods.

In your investigation, you should research different models and theories relating to your topic. Through
collecting primary data, as part of your discussion, you should state whether your evidence challenges or is
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consistent with models and theories, providing a reason why this may have occurred. This is exactly the way
that models and theories have been supported or disputed in the past.

FIGURE 12.56 The Flat Earth theory has been
replaced with the idea that Earth is spherical.

 

Theories can change overnight or take a very long time to
change. Theories that were once popular and well accepted
may be discarded when too much evidence builds up against
them. They are replaced by a theory that better fits the
observations.

Some examples of theories that have been superseded by
other theories are:

• the miasma theory of disease — the idea that diseases
were caused by bad air

• that the Sun and planets orbit Earth (geocentrism)
• that light requires a medium (the luminiferous aether)

to propagate
• the Flat Earth theory.

Another example of changing theories is seen in the field of astrophysics, where some of Newton’s theories
(and Einstein’s theory of relativity) are being contested. A new theory known as Modified Newtonian Dynamics
(MoND) has new predictions about the universe, particularly around dark matter and astronomy.

TABLE 12.11 The changing theories in astrophysics

1933 Fritz Zwicky coins the term ‘dark matter’ to describe unseen mass or ‘gravitational glue’ in galaxy
clusters.

1978 Astronomers show that many galaxies are spinning too quickly to hold themselves together unless they
are full of dark matter.

1983 Mordehai Milgrom publishes a modified gravity theory called MoND. It explains why galaxies don’t fly
apart without using dark matter, but remains at odds with Einstein’s relativity.

1990s Studies of galaxies and galaxy clusters show that their gravity bends light more strongly than is
expected without dark matter. MoND researchers start devising improved theories to explain extra light
bending.

1994 Jacob Bekenstein and Roger Sanders prove that any theory that resolves the light-bending issue and
meshes MoND with relativity must involve at least three mathematical fields.

2000 New data on the cosmic microwave background reinforce the standard, dark-matter picture of the
universe.

2004 Jacob Bekenstein devises a version of MoND that is consistent with relativity.

2005 Constantinos Skordis and others show that relativistic MoND provides a good fit to the microwave
background data.

Refinements to existing theories come about in a number of ways:
• Carefully planned laboratory-based or field-based experiments designed to support or refute a particular

hypothesis
• Critical reinterpretation of previously accepted facts, producing a new framework
• Collection and analysis of new data
• Identification and exploration of patterns or anomalies
• New technologies that allow for changes to understanding and more depth of knowledge.
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12.7.5 The key findings of investigations
In your investigation, you would have written a question and a hypothesis, created a clear reproducible
methodology, and collected and analysed data.

From this point, it is then important to determine the key findings of your investigation.

Your key findings should include:
• information about the data obtained in the practical investigation and any patterns and trends
• the relationship of your findings to physics concepts, including fields, motion or light
• an answer to the question of your investigation.

For example, your question may have been, ‘How does the period of rotation of an object, attached to a string
and spinning in a horizontal uniform circular motion, affect the angle of the string to the vertical?’

FIGURE 12.57 Object spinning in a horizontal uniform circular motion

L

r

θ

You may have considered that when the object is spun at a lower speed and the period of rotation is increased,
the angle to the vertical will decrease. Therefore, you may have made the following hypothesis: ‘If the period of
rotation affects the angle to the vertical, then the angle to the vertical will decrease when the period is increased.’
You may have then obtained the results shown in figure 12.58.

FIGURE 12.58 Exploring the impact of the period of rotation on the angle to the vertical
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The key findings that you should include in the discussion may be as follows:

It is expected, based on tan 𝜃 = v2

rg
= 4𝜋2r

T2g
, in which 𝜃 is the angle to the vertical, T is the period of rotation, and

r=L sin 𝜃 is the radius of the circular movement of the object, that, when the period increases, the angle to the

vertical decreases

(

cos 𝜃 = g

4𝜋2L
T2

)

.

In this situation, the length of the string, L (and the gravitational field strength of Earth, g) are controlled across
all experiments, with the period being the independent variable.

From the investigation, it can be observed that the period does have an impact on the angle to the vertical, as
observed in the graph in figure 12.58 and that this relationship is not linear. Does this evidence support the
hypothesis?
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Key ideas

• Evidence can be used to support or reject a hypothesis. A hypothesis is not considered to be proven
true, as new evidence may come to light that later leads to its rejection.

• Models represent ideas, phenomena or scientific processes. They can be physical models, mathematical
models or conceptual models.

• Theories are well-supported explanations of phenomena.

12.7 Activities

Students, these questions are even better in jacPLUS
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Find all this and MORE in jacPLUS 

12.7 Quick quiz 12.7 Exercise 12.7 Exam questions

12.7 Exercise

1. Why do we only say that we ‘support’ a hypothesis rather than ‘prove’ it?
2. Provide three examples of strong evidence.
3. Describe what key findings you should communicate in a discussion.
4. Why is it important to show the relationship of your results to concepts such as waves, fields and motion?
5. Why is it important in science that models and theories are constantly being challenged and revised?

12.7 Exam questions

Question 1 (1 mark)

MC Which of the following does not provide strong evidence that can be used to support models and theories?
A Minimal bias and high validity
B Supporting research from journals that are not peer-reviewed
C Being based off scientific evidence
D Reproducible and reliable methods

Question 2 (3 marks)
Source: VCE 2022, Physics NHT Exam, Section B, Q.18; © VCAA

Provide an example of an instance in which classical laws of physics cannot describe motion at very small scales
and explain why they cannot.

Question 3 (3 marks)
Source: VCE 2021, Physics NHT Exam, Section B, Q.15c; © VCAA

The apparatus shown in Figure 19 is used to investigate the photoelectric effect. Light of various wavelengths is
shone onto a silver plate (cathode). The work function of silver is 4.9 eV.
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Which model of light does this photoelectric investigation support? Give two reasons to justify your answer.

Question 4 (3 marks)

A group of students wishing to challenge Hooke’s Law has gathered the following data from their experiments,
which consisted of measuring the extension of a spring for different masses several times and calculating the
mean extension.

Spring elongation (cm) for different masses (g)

Mass hooked to spring (g) Mean spring extension (cm)

2 1.7

5 4.2

10 8.9

15 13.2

20 17.4

25 22.0

Does their evidence reject or support Hooke’s Law? Justify your answer.

Question 5 (5 marks)

A student wishes to investigate whether Coulomb’s inverse-square law is accurate. This law suggests that the
magnitude of the electric force between two charged particles at rest is directly proportional to the product of the
magnitudes of charges and inversely proportional to the square of the distance between them.

Fortunately, this student has access to a torsion balance to measure electric forces and gathers the following
data for the same pair of charges.

Electric force (N) for different distances (cm)

Distance, r, between charges (cm) 2 4 5 10 25

Electric force (N) 136.3 33.7 22.1 5.6 1.0

1

r2
(

m−2) 2500 625 400 100 16

a. Is this evidence consistent with the electric force being inversely proportional to the square of the distance
between the charges? Justify your response. (3 marks)

b. If you were to illustrate the relationship between the electric force and the distance between the charges, what
type of graph would you use? Justify your answer. (2 marks)

More exam questions are available in your learnON title.
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12.8 The limitations of investigation methodology and
conclusions

KEY KNOWLEDGE

• apply methods of organising, analysing and evaluating primary data to identify patterns and relationships
including: the physical significance of the gradient of linearised data; causes of uncertainty; use of
uncertainty bars; and assumptions and limitations of data, methodologies and methods

KEY SCIENCE SKILLS

• Analyse, evaluate and communicate scientific ideas
• Construct evidence-based arguments and draw conclusions

Source: Adapted from VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

assumptions ideas that are
accepted as true without evidence
in order to overcome limitations in
experiments

limitations factors that affect the
interpretation and/or collection of
findings in a practical investigation

When we conduct investigations, it is important to consider that we often need to
make many assumptions that allow us to work around limitations in:

• scientific methodology
• method (both in investigation and analysis)
• data and data generation
• models and theories
• conclusions.

Limitations are factors that impact the interpretation and/or collection of findings in a practical
investigation.

It is important to consider limitations when analysing data, methodology, methods, models and theories, and
when drawing conclusions. Limitations should be factors that are out of your control, but should be discussed in
regard to how they might impact your results.

12.8.1 Limitations and assumptions in scientific methodology and
methods
In the scientific methodology you select, there are a variety of limitations that may exist. This may affect your
designed method.

As you are conducting your investigation, it is important to be aware of limitations that may affect your
methodology. Examples include:

• not having access to equipment that limits issues with errors, uncertainty, accuracy and precision (for
example, not having access to micrometers to measure accurate lengths)

• not being able to properly control variables to a high level (such as room temperature, amount of light or
humidity)

• not having adequate time to observe results (for example, it may take 5 weeks to obtain the best results,
or you may need to check results every 20 minutes over 10 hours, which may not be possible in a school
environment)

• not having the opportunity to repeat investigations and show both repeatability and reproducibility
• difficulty creating a hypothesis that is both testable and falsifiable, which will limit how a method can be

designed
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• limitations to access of data (for example, if conducting a case study or correlational study)
• when analysing data, not including factors such as error bars or statistical hypotheses (for example, chi-

squared tests and standard deviation exploration, which are well beyond the scope of what is expected in
your task).

FIGURE 12.59 Limitations of your method depend on the equipment available. For example, if you have access
to an electronic micrometer caliper to measure the thickness of a small object, your measurements will be more
accurate than if you only have access to a simple plastic school ruler.

  

Therefore, assumptions are often made about the methods used and the validity of results. It is usually assumed
that all variables (other than the independent variable) are completely controlled. It is also assumed that the
equipment used provides precise and accurate data. If time is a factor, it is usually assumed that repetitions of
the investigation would result in similar or identical results, except where results involved obvious human error
or clear outliers.

It is absolutely fine to make these assumptions in the scope of your task. However, it is important that you
comment on these limitations in your logbook and scientific report or poster, and suggest possible improvements
to the method and methodology used that could lead to an investigation with improved validity, precision and
accuracy.

12.8.2 Limitations and assumptions in data
The data that is gathered from the experimental results will have limitations. Limitations arise from several
sources that can affect the quality of the data, such as the following:

• Experiments create artificial situations that do not necessarily represent real-life situations.
• Although every effort may be made to identify controlled variables and keep them constant throughout the

course of an experiment, it is not always possible to identify and control every variable.
• The degree to which results obtained in the laboratory can be generalised to other situations and applied in

the real world is limited.

We need to make assumptions that the data was obtained in a way that best reflects real-life scenarios and that
variables were all controlled.

12.8.3 Limitations in models and theories
As well as data limitations, limitations exist in the models and theories that we use. It is important to be able
to use models and theories to allow us to understand a variety of observed phenomena, but it is also important
to understand the limitations of our models and to consider that theories may change as more observation and
research is conducted.
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When linking your primary data to established models and theories, it is important to take these considerations
into account and outline why these limitations may have caused differences between your findings and the
expected results of theories and models.

Some of the limitations of models are as follows:
• Missing details. Because of the complexity of the processes, models cannot include all the details of the

processes or the things that they represent. For instance, in projectile motion, you might leave out the
effect of air resistance, or you might consider that all the electrical connectors in your circuits are perfect
conductors with no electrical resistance.

• Approximation. Models are necessarily approximations of the real world; for example, we can use
Newton’s Second Law of Motion to make predictions about the motion of a rocket, considering its mass
remains constant. However, this is not the case in the real word (around 90 per cent of a rocket’s mass is
fuel), and therefore predictions using the ‘mass is constant’ approximation would not match what actually
happens.

• Simplicity. Models often have limits in their accuracy and are often
simplified and stylised; for example, a ball-and-stick model of methane
(see figure 12.60) is useful, but is a very highly simplified and stylised
representation that reduces bonds to sticks, and atoms to solid balls.

• Subject to change. Models are based on current observations and
knowledge at the time. This means that they are not definite and
can change as observations allow for different ideas to come to
light. Climate models are an example of models that have changed
drastically in the past decades.

FIGURE 12.60 Different models
of methane. How do you
think these differ from a ‘real’
methane molecule?
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Some of the limitations in relation to theories are as follows:
• Over-reliance on theories. During practical investigations, some

individuals rely on theories rather than observations, or might
be tempted to ignore observations that contradict existing theories.

• Imperfection. A theory is the best explanation to date of an observed aspect of the natural world. As we
have seen in subtopic 12.7, theories can be refuted and can be improved as observations and evidence come
to light.

• Boundary conditions. Theories often rely on a very specific set of conditions to be met. For example,
Newton’s laws of motion cannot be used at very small scales or very high speeds.

• Choice of theory. Often, a phenomenon needs to be described using multiple theories. Sometimes aspects
of theories may be complementary, or they might contradict each other, such as with the general theory of
relativity and quantum physics.

12.8.4 Limitations in conclusions
When drawing conclusions, it is important to consider their limitations. Limitations that affect the methodology,
method, data, models and theories of an investigation will also affect the conclusions drawn.

As part of your investigation and critical evaluation, you need to be able to identify, describe and explain the
limitations of your conclusions, including identification of further evidence required. This should be discussed
clearly within the discussion section of your scientific report or poster.

Examples of limitations in conclusions
You may be exploring the effect of distance to the source of a sound on the sound intensity level, and have
obtained the results shown in figure 12.61.
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FIGURE 12.61 Sound intensity level as a function of the distance to its source
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It can be seen that only five data points were collected — all within a short range. Looking at this data, you may
draw the conclusion that there is a negative linear correlation between the intensity of the sound and the distance
to the source. This may seem like a fair assumption and conclusion based on the primary data collected, but it is
important to consider the limitations of this. How accurate is this trend line?

Extending the range of data collection, and choosing a more suitable scale, might paint a completely different
picture, as shown in figure 12.62.

FIGURE 12.62 Sound intensity level as a function of the distance to its source
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This example shows limitations in the conclusions drawn, as you have to assume that the data obtained tells the
entire story.

It is important that in your reporting (or poster), you identify and describe further evidence that is required and
how you would obtain this. For instance, in the investigation above, you might describe further evidence as
exploring a greater range of data (such as 0.5–25 m instead of 3–3.5 m).

Remember, any suggestion of further evidence is not something you need to explore (so it may be something
that is not possible for you to complete in the classroom), but it still needs to relate to your investigation
question. The further evidence suggested should allow for an enhancement of your findings and a greater
removal of assumptions in the conclusions you draw.
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Key ideas

• Limitations are factors that impact the interpretation and/or collection of findings in a practical
investigation.

• There are many limitations in conducting an investigation, particularly in a classroom setting, where it
is harder to control variables and use specialised equipment that may improve accuracy and precision,
and limit errors and uncertainty.

• Assumptions need to be made in an investigation in order to analyse results, including the assumption
that conditions were completely controlled.

• Limitations of models include an oversimplification of concepts, an inability to be completely accurate,
or being specific to a set of conditions that may or may not reflect the real world.

• Similar to models, theories are often oversimplifications of concepts, specific to a set of conditions and
subject to change as new information becomes available.

12.8 Activities

Students, these questions are even better in jacPLUS
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12.8 Quick quiz 12.8 Exercise 12.8 Exam questions

12.8 Exercise

1. Describe three limitations of models.
2. When analysing and evaluating data, you should describe areas of further evidence that would be required.

Why is this important, and how does this address the limitations of the investigation?
3. Why might it be difficult to control variables such as temperature when conducting your investigation?
4. Outline limitations that can occur in data collection and generation. Provide three examples of this.

12.8 Exam questions

Question 1 (2 marks)

Scientists make conclusions based on the evidence that they have collected in an experiment.

Explain whether a conclusion is ever changed by a scientist.

Question 2 (1 mark)

MC Which of the following is not a limitation of models?
A. They are simplified and stylised representations.
B. They are based on current observations and can change with evidence.
C. They are only approximations of the real world.
D. They have no link to scientific theories

Question 3 (2 marks)

A student is interested in investigating the tensile strength of different types of yarn by testing the maximum load
the yarn can support without breaking.

The student’s initial experimental set-up consists of a metallic horizontal bar with a hook, to which a yarn sample
is attached. A weight hanger is then hooked to the other end of the yarn, and slotted masses are added to it until
the yarn breaks. The student has found different masses, with the smallest one being 50 g.
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While testing this set-up, the student gathers the following data.

Added mass (g) at which yarn samples break

Yarn sample
100% cotton,
1 ply, 20 cm

100% cotton,
1 ply, 50 cm

100% cotton,
2 ply, 20 cm

100% cotton,
2 ply, 50 cm

Added mass (kg), trial 1 1.05 0.75 2.15 2.20

Added mass (kg), trial 2 0.90 0.60 2.10 1.95

Give two examples of how the student could improve their set-up by decreasing the uncertainty of their
measurements.

Question 4 (7 marks)

A student is trying to determine the refractive index of glass using a glass
rectangular slab, a red laser with a wavelength of 650 nm, a ruler, a protractor,
and some pencils and paper.

The student uses the protractor to measure the incidence and refraction
angles of the light through the glass and Snell’s Law to calculate the refractive
index of glass. Their results are as follows.

 

Refractive angle for different incidence angles

Refractive angle, r 6° 13° 19° 35°
Incidence angle, i 10° 20° 30° 60°
Glass refractive index, n= sin i

sin r
1.661 1.520 1.536 1.510

a. State one assumption that the student has made for their calculations and comment on whether you think this
is a fair assumption. (2 marks)

b. Calculate the average value of the refractive index of glass from the student’s experiment. The slab of glass
the student used is supposed to have a refractive index of 1.52. Are the student’s findings coherent with this
information? (2 marks)

c. Suggest two ways the student could improve their method. (2 marks)
d. Suggest how the student could easily check the reproducibility of their method. (1 mark)

Question 5 (4 marks)

A group of students are exploring how different masses affect the elongation of a spring. They have two trials for
each mass used. Their results are as follows.

Spring elongation (cm) for different masses (g)

Mass hooked to spring (g)
Spring extension (cm)

average for trial 1 and trial 2

5 5.65

10 11.42

15 17.36

20 23.08

25 29.12

50 55.04

80 89.61

100 117.51

150 142.83

200 148.55

a. State two assumptions the students have made relating to the methods they used. (2 marks)
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b. One of the students decided to create a graph for this data, expecting a direct linear relation between the
elongation and the mass, and was surprised to obtain the following graph.

160

120

140

80

100

40

60

20

0

0 50 100 150 200

S
p

ri
n

g
 e

lo
n

g
a

ti
o

n
 (

c
m

)

Mass (g)

Effect of mass on spring elongation

Explain how this illustrates a limitation of Hooke’s Law. (2 marks)

More exam questions are available in your learnON title.

12.9 Conventions of science communication

KEY KNOWLEDGE

• apply the conventions of science communication: scientific terminology and representations; symbols,
equations and formulas; standard abbreviations; significant figures; and units of measurement

• apply the conventions of scientific poster presentation, including succinct communication of the selected
scientific investigation, and acknowledgement of references

• explain the key findings and implications of the selected investigation.

KEY SCIENCE SKILL

• Analyse, evaluate and communicate scientific ideas

Source: VCE Physics Study Design (2024−2027) extracts © VCAA; reproduced by permission.

12.9.1 Why is science communication important?
The ability to clearly communicate findings, conclusions and evaluations is vital in science. It ensures that
individuals can be properly informed and have access to strong evidence that is data-driven. Effective science
communication not only helps to improve the world we live in, but also can inspire others. This may involve
encouraging others through meaningful discussions or providing people with the foundation to develop further
research.

Science communication should be predictable and easy to understand. There should be no misunderstanding
or misconceptions when effective science communication is used. Individuals should be able to read both a
logbook and a poster and gain understanding about an answer to a scientific question, easily observing whether
a hypothesis was supported or refuted. This subtopic details physics conventions as well as the components of
scientific reporting and scientific posters.

Components of scientific report writing
It is vital in scientific report writing to follow a set structure that is clear and predictable. This will also be the
same structure of headings that you use when presenting the results of your scientific investigation.
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TABLE 12.12 Aspects of a written report

Section Description

Title A precise and complete description of what you investigated (this is usually your scientific
question)

Abstract An optional section, used to outline the key findings and information

Introduction A paragraph explaining the relevant physics and background concepts and relationships,
and how they apply to this investigation. It should explore any prior investigations
conducted on this topic. This should also include a clear aim and hypothesis.

Methodology A detailed section that describes your selection of equipment and measuring instruments,
and your step-by-step method. This may include diagrams and photos, plus reference to
how you controlled variables, achieved the desired accuracy, and overcame, avoided or
anticipated difficulties. It should be clear enough for someone else (at your level) to repeat
your experiment. Do not forget to highlight how the relevant ethical and safety concerns
have been addressed. This section may be more detailed in your logbook and summarised
in your final report.

Results (and
observations)

A clear representation of your results includes your data and graphs. If there is too much
data, then refer to your logbook for the full set. Make sure you present your results in
an organised and clear manner, following accepted conventions (such as sequential
numbering). Make sure you include the appropriate units and use the correct number
of significant figures. Try to organise your results in such a way that any patterns or
relationships start to become obvious, thus making them easier to analyse in the
discussion. Show sample calculations if required.

Discussion A detailed analysis and evaluation of your results. How does your data support your
initial intentions and link to relevant physics concepts? What trends and relationships
are apparent as a result of your investigation? How much is your analysis limited by
uncertainties? Were there any outliers in your investigation and how were they treated?
What limitations and sources of error were present in your investigations and how would
you improve this in future repetitions? What would the next steps in the investigation be if
you had more time?

Conclusion This should relate to the aim and must be based entirely on the evidence obtained in the
experiment. It should state whether the hypothesis is supported, summarising the meaning
of your results in response to your question. No new information should be included.
Limitations and future work can be touched on here.

References and
acknowledgements

You should quote the sources of any content you include that is not your own original work.
Unaltered tables, diagrams and graphs are examples that fit this description, as are direct
quotes. In your introduction, you may have mentioned previous work that your investigation
is based on. This also needs to be acknowledged, along with any sources that inform your
discussion of concepts and theory in a more general sense. This section is not counted in
your final word count.

These components should be included regardless of the format of your report, whether it be:
• a scientific poster
• an article for a scientific publication
• a practical report
• an oral presentation
• a multimedia presentation
• a visual representation.

Ensure you present your task in the format designated by your teacher.

Remember, your teacher will also mark both your scientific report (or poster) and the work in your logbook, so
make sure that all required work is there. You may have some of the above information that only appears in your
logbook, some that only appears in your report, and some that appears in both. Your logbook and report are all
part of practical investigation skills.
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Important aspects of scientific writing

• Try to avoid subjective language — where possible, use third-person language and write in past tense.
• Don’t just record the data you believe supports your hypothesis; you should also include any errors,

uncertainties and outliers.
• If you used any calculations, show your workings.
• Use subheadings throughout your report. Make it clear to read.
• Provide headings for all graphs, tables and figures, and label them sequentially (graph 1, graph 2, etc.).

12.9.2 Terminology and representations
It is important throughout your report to use clear and concise terminology relevant to the related physics
concept. The use of key terms was covered previously. In addition, physics representations are required to be
accurate and use common conventions. There may be other representations used that are appropriate to your
specific investigation. These should be used consistently in both your logbook and your scientific report or
poster.

12.9.3 Symbols
Table 12.13 lists some commonly used symbols in physics. Many of these are from the Greek alphabet.

TABLE 12.13 Some common symbols used in physics

Symbol Name Representation𝜆 Lambda Wavelength (nm)𝛼 Alpha Type of particle𝛽 Beta Type of particle𝛾 Gamma Type of particle𝜏 Tau Torque (in forces) or time constant (in electricity)𝜂 Eta Efficiency𝜀 Epsilon Strain (in Young’s modulus) or electromotive force (emf)𝜍 Sigma The uniaxial stress (in Young’s modulus)𝜃 Theta Angle𝜔 Omega Angular frequency∆ Delta Change in variable⊥ Perpendicular to∥ Parallel to∝ Proportional to

Due to the sheer quantity of variables we have to represent, it is important to note that the capital and lower-case
letter usually represent different things. For example, t represents time, and T represents temperature (or may
be used to represent the period). Factors such as whether a symbol is in bold, italics or a roman typeface also
affect their meaning. For instance, v generally represents the scalar quantity speed, while v represents the vector
quantity velocity. Additionally, sometimes the same symbol is used to represent different concepts.

μ, for example, can be used to represent:
• the mean in statistics
• micro as a metric prefix in measurement (in this case, not italicised)
• the coefficient of friction.

It is important to carefully use the correct symbol in your report to minimise confusion. It is important to know
various symbols, including those used in equations.
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12.9.4 Equations and formulas
During your exam, you will be provided with a formula sheet for your reference.

When providing formulas in your scientific investigation, it is important to:
• define all variables
• provide any figures for constants (for example, Planck’s constant).

Some key formulas in Physics are as follows.

Motion

Fnet= mv2

r

FΔt=mΔv
W=Fs cos 𝜃
Ek= 1

2
mv2

Es= 1

2
kx2

Eg=mgΔh
tan 𝜃 = v2

rg
= 4𝜋2r

T 2g

Fields

E= k
Q

r2

F= k
q1q2
r2

W= qV

E= V

d

F= qE

F= qvB

qvB= mv2

r
,where v ≪ c

g=G
M

r2

Fg=G
m1m2

r2

Eg=mgΔh
a= v2

r
= 4𝜋2r

T2

F= nIlB
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Generation and transmission of electricityΦB=B⊥A𝜀 =−NΔ𝜙BΔt
N1

N2

= V1

V2

= I2
I1

LightΔx= 𝜆L
d
,when L≫ d

E= hf= hc𝜆
Ek max= hf−𝜙
𝜆= h

p

Special relativity𝛾 = 1
√

1− v2

c2

t=𝛾t0
L= L0𝛾
Energy and mass
Etot = Ek+E0=𝛾mc2,where

E0 = mc2

Ek = (𝛾 − 1)mc2

12.9.5 Units of measurement
In Physics, it is vital to use the correct unit of measurement for accurate and clear scientific communication.

Prefixes

TABLE 12.14 Metric prefixes for large quantities

Name Deca Hecto Kilo Mega Giga Tera Peta Eta Zetta Yotta

Symbol da h k M G T P E Z Y

Factor 101 102 103 106 109 1012 1015 1018 1021 1024

TABLE 12.15 Metric prefixes for small quantities

Name Deci Centi Milli Micro Nano Pico Femto Atto Zepto Yocto

Symbol d c m µ n p f a z y

Factor 10–1 10–2 10–3 10–6 10–9 10–12 10–15 10–18 10–21 10–24
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Note: The ångström (Å) is not a metric prefix but a metric unit of length (1 Å = 10–10 m) commonly used for
atomic and molecule lengths. A metric prefix is a unit prefix that precedes a basic unit of measure (such as
seconds, metres, grams or volts) to indicate a multiple, or submultiple, of that unit.

Understanding different prefixes allows the correct units to be used in practical investigations and allows for
easy conversion between different units.

The following formula is used when converting between units:

initial unit (10n)

new unit (10m)
× value

SAMPLE PROBLEM 5 Converting between units
tlvd-0105

Convert:
a. 12.412 millilitres to microlitres
b. 26 153 milligrams to decigrams
c. 8.7 metres to nanometres.

THINK WRITE

a. 1. Determine the conversion between the units. a.
millilitres

microlitres
10−3

10−6
= 103

2. Multiply by the value to be converted. 103 × 12.412mL= 12 412

3. Add the new unit. 12 412 μL

4. State the solution. 12.412 millilitres equals 12 412 microlitres.

b. 1. Determine the conversion between the units. b.
milligram

decigram
10−3

10−1
= 10−2

2. Multiply by the value to be converted. 10−2 × 26 153mg= 261.53
3. Add the new unit. 261.53 dg

4. State the solution. 26 153 milligrams equals 261.53 decigrams.

c. 1. Determine the conversion between the units.
We use 100 for metres as it is our standard
unit, so is equal to 1.

c.
metre

nanometre
100

10−9
= 109

2. Multiply by the value to be converted. 109 × 8.7m= 87 000 000 000

3. Add the new unit (round if required) 87 000 000 000 nm

4. State the solution. 8.7 metres equals 87 000 000 000 nanometres.
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PRACTICE PROBLEM 5

Convert:
a. 7823 decigrams into kilograms
b. 213 microlitres into picolitres.

SI units of measurement
The SI system of units (SI for Système International, from the French for ‘international system’) is the metric
system of measurements, which is internationally standardised.

There are seven base units (see table 12.16) from which all other units are derived.

TABLE 12.16 The seven SI base units

Quantity Time Length Mass
Electric
current

Thermodynamic
temperature

Amount of
substance

Luminous
intensity

Symbol s m kg A K mol cd

Name second metre kilogram ampere kelvin mole candela

Note: The kilogram is the only base unit with a metric prefix.

For units named after an individual, such as André-Marie Ampère, Lord Kelvin and Sir Isaac Newton, the
symbol (or first letter of the symbol) is capitalised. However, when the full word is written out it is not
capitalised. For example, 60 A would be written as 60 amperes.

Derived units
Derived units are units of measurements derived from the SI units. Table 12.17 shows some commonly used
derived SI units.

TABLE 12.17 Common derived units used in physics

Quantity Unit Symbol Unit in terms of SI base units

Force (F) Newton N kg m s−2

Energy and work (E andW) Joule J N m or kg m2 s−2

Pressure (p) Pascal Pa N m−2 or kg m−1 s−2

Power (P) Watt W J s−1 or kg m2 s−3

Electric charge (q) Coulomb C A s

Voltage (V) Volt V J C−1 or kg m2 s−3 A−1

Resistance (R) Ohm Ω J C−1 A−1 or kg m2 s−3 A−2

Radiation dose Sievert Sv J kg−1 or m2 s−2

Frequency Hertz Hz s–1

Magnetic flux Weber Wb V s or kg m2 s−2 A−1
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Derived units are often expressed with negative indices. For example, the unit of speed is usually expressed as
m s−1 rather than m/s. This is because:

1m/s = 1m× 1

s= 1m× 1 s−1= 1m s−1

12.9.6 Significant figures
There is a degree of uncertainty in any physical measurement. The uncertainty can be due to human error or to
the limitations of the measuring instrument.

In most physical measurements, the last significant figure shows a small degree of uncertainty. For example, the
length of an Olympic competition swimming pool is correctly expressed as 50.00 m. The last zero has a small
degree of uncertainty.

The VCE Physics Study Design includes clear guidelines on significant figures.

• All digits in numbers expressed in standard form are significant, e.g. 4.320 × 10–6 has 4 significant
figures.

• All non-zero numbers are significant, e.g. 42.3 has 3 significant figures.
• Zeros between two non-zero numbers are significant, e.g. 4.302 has 4 significant figures.
• Leading zeros are not significant, e.g. 0.0043 has 2 significant figures.
• Trailing zeros to the right of a decimal point are significant, e.g. 42.00 has 4 significant figures.
• For numbers less than 1, 0.4 has 1 significant figure, 0.04 also has 1 significant figure whereas 0.40 has

2 significant figures and 0.400 has 3 significant figures.
• Whole numbers written without a decimal point will have the same number of significant figures as the

number of digits, with the assumption that the decimal point occurs at the end of the number, e.g. 400
has 3 significant figures. Therefore, a measured distance of 100 m will be considered as having three
significant figures.

Source: VCE Physics Study Design (2024–2027) extracts © VCAA; reproduced by permission.

FIGURE 12.63 Examples of significant figures: a. three significant figures b. five significant figures

a.

Leading zero;

not significant

Non-zero digit;

significant

Follows a non-zero

digit; significant

0.00820

Does not follow non-zero

digits after decimal; not

significant

b.

Non-zero digit;

significant

Non-zero digit;

significant

Follows a non-zero

digit; significant

12.040

Follows a non-zero digit;

significant
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Working with significant figures
When multiplying or dividing, the answer is written to the least number of significant figures in the initial values
provided. For example, if you travelled a distance of 432 metres in a car for 25 seconds, your average speed
would be given by:

Average speed = distance travelled

time taken= 432m

25 s= 17.28m s−1

The result should be rounded off to two significant figures as this is the least significant figure we were given.
Therefore, the result should be expressed as 17 m s−1.

When adding or subtracting, the answer is written to the least number of decimal places in the initial values
provided. For example, if you travelled three consecutive distances of 63.5, 12.2517 and 32.78 metres, the total
distance travelled would be given by:

63.5m+ 12.2517m+ 32.78m
108.5317m= 108.5m

The result should be expressed with one decimal place as the minimum number of decimal places used in the
data is one (in the distance of 63.5 metres).

SAMPLE PROBLEM 6 Calculations using the correct number of significant figures
tlvd-0106

In determining the density of a particular liquid, a student measured the volume of a sample as
8.3 millilitres. She then weighed the same sample and obtained a mass of 7.2136 grams. Calculate the
density to the correct level of significant figures.

THINK WRITE

1. Determine the number of significant figures you have
been provided.

7.2136 = five significant figures
8.3 = two significant figures

2. Determine the least number of significant figures; this
is what your answer will be given in.

Two significant figures

3. Calculate the density. Density = mass

volume= 7.2136
8.3 = 0.8691

4. Round down to the appropriate number of significant
figures.

Round 0.8691 to two significant figures =
0.87 gmL−1

5. State the solution. The density is 0.87 g mL−1.
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PRACTICE PROBLEM 6

In determining the density of a particular liquid, a student measured the volume of a sample as
21.1 millilitres. She then weighed the same sample and obtained a mass of 9.762 grams. Calculate the
density to the correct level of significant figures.

Resources

Video eLesson Determining significant figures (eles-2559)

12.9.7 Standard abbreviations
Often, it is appropriate to abbreviate terms rather than writing them out in full on each appearance, which can
make a report bulky and hard to follow.

Some common abbreviations used in Physics are as follows:
• AC: alternating current
• DC: direct current
• LPG: liquefied petroleum gas
• LED: light-emitting diode
• EMF: electromagnetic field
• emf: electromagnetic force
• LDR: light dependent resistor
• CT: computed tomography
• PET: positron emission topography.

For other words that can be abbreviated, either the full word needs to be shown, or the meaning of the
abbreviation needs to be acknowledged.

This is done by clearly showing the full term the first time the abbreviation is used. In subsequent uses, the
abbreviation alone may be used.

An example of this is:

In direct current (DC) the current applied only flows in one direction. Portable electronic sources, such as
laptops and mobile phones, use DC.

12.9.8 Acknowledgement of references
In-depth scientific reports require a depth of research for concepts relating to an investigation.

This may be:
• using other sources for definitions and background material
• finding examples of similar investigations
• research on the obtained results to link to scientific understanding.
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Acknowledgements and references

Acknowledgements are usually used to thank individuals or organisations that provided assistance, whether
it be the provision of specific materials, experimental assistance or intellectual assistance.

References are used when you are sourcing information and intellectual property that is not your own. You
will find that your references will be longer than your acknowledgements.

If you use any material that is the work of another person, you must acknowledge its source. Do not claim it as
your own work. Acknowledgments come in two formats:

• A short version when the sourced information is located in the body of your report or poster, which is
known as in-text referencing

• A longer version when it occurs in the Reference and Acknowledgements section at the end of your
scientific investigation. This should be in alphabetical order.

You should include both forms of referencing. There are many ways to make such acknowledgments, and
various institutions and publications often use different systems. Details of these systems can be found online
and can be quite complicated. You should check with your teacher as to how this is expected to be done.

Acknowledging sources within your report: in-text referencing
An in-text reference is a shortened abbreviated form of a reference and should be used in the body of your report
in the location in which the sourced information is referred to. This is used not just for direct quotes, but also for
tables, images and any information that has been paraphrased.

There are numerous ways to do this and it depends on what style you are using, so again, check with your
teacher.

Author–date system

This style of in-text referencing is more commonly used, particularly in the APA and Harvard styles of
referencing (the two styles most commonly used in science). As well as the shortened in-text referencing, a full
reference is included in the reference list.

Text that has been sourced has the in-text reference at the end of the information being used. This may be in the
middle of a sentence, as seen here.

… over the past 10 years, the number of eligible children has increased (Kringle, 2008) and a need has therefore
developed for sleighs to travel faster to meet the required delivery schedule. More efficient fuels are required for
this purpose.

Tables, diagrams, graphs and so on that are being inserted without being substantially altered can often be
acknowledged by stating the details directly underneath them, as shown in table 12.18.

TABLE 12.18 Energy content of commonly available
sleigh fuels

Fuel Energy content (kJ L−1)

Rudolphene 45

Polar plus 29

Super sleigh 53

Source: (Claus, 2016, p. 45)
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Notes
• If an online article is undated, put (n. d.) in place of the date.
• If there is no author listed, use the title in place of the author’s name.
• If there are up to three authors, list them all.
• If there are more than three authors, only use the name of the first author and follow it by the phrase ‘et al.’

(meaning ‘and others’).
• If you quote directly from an author or cite a specific idea or piece of information from the source, you

need to include the page number of the quote in your in-text reference.

Footnotes system

This style of in-text referencing is usually used in the Chicago and Vancouver style of referencing.

In this style, the citation is shown below, with a superscript number showing the point in which a reference has
been used.

… over the past 10 years, the number of eligible children has increased5 and a need has therefore developed for
sleighs to travel faster to meet the required delivery schedule. More efficient fuels are required for this purpose.
5 Kringle, K. (2008). Journal of Polar Transport, vol. 34, p. 356.

In the footnotes section of the page (depending on the format of the report) the work is referenced with the
corresponding number, and then again included in the reference list.

Acknowledging sources at the end of your report: Reference list
At the end of a scientific report or poster, a reference list is included.

In your reference list, references should be listed alphabetically. If the footnotes version of in-text referencing
was used, references should be listed in order of footnote number.

The following provides examples of the use of Harvard style in creating references.

Book

Author surname(s), initial(s) (Year published). Title. Edition (if applicable). Place of publication, publisher.

Example:

Langley, P & Jones, M (2013). The search for Richard III: The king’s grave. London, John Murray.

Do not use et al. in your reference list. This is only appropriate in your in-text referencing.

Journal

Author surname(s), initial(s) (Year published). Title of article. Title of Journal. Volume number. Page numbers.

Example:

Boiero, D & Bagaini, C (2018). S-wave splitting intensity analysis and inversion. Geographical Prospecting. Vol.
67(2). 362–378.

If available, you may also include the DOI (digital object identifier) after the page numbers. A DOI is a
permanent identifier for a journal article and is often used in place of a URL.

TV programs

Title of program(date) (TV program) Channel identification.

Example:

Gene editing made simple (2016), Four Corners, ABC Sydney.
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Websites

Author surname(s), initial(s) (Year published). Title of page. Name of website, date and URL of retrieval

Example:

Atkinson, J. (2022). NASA Scientist Discovers New Means to Measure Snow Depth from Space. NASA Global
Change, accessed 24 May 2022, https://climate.nasa.gov/news/3170/nasa-scientist-discovers-new-means-to-mea
sure-snow-depth-from-space

Resources

Weblinks Citing and referencing guides — Monash University

Online citation generator

12.9.9 Conventions of scientific poster presentation
Your logbook will form a key part of your assessment. You will also be required to deliver a scientific report.
This may be in the form of a poster, oral communication or digital communication as selected by your teacher.

Some important considerations for your poster are as follows:
• The content of the poster should not exceed 600 words (tables, graphs, image captions, references and

acknowledgements and so on are not included in the word count).
• The poster may be produced electronically or in a hard-copy form as determined by your teacher.
• It should address the key aspects without going into too much detail:

• Title
• Introduction
• Methodology and methods
• Results
• Discussion
• Conclusion
• References and acknowledgements.

• It does not need to contain every single graph and table showing your data, but rather a subset of these that
best suit your investigation question.

• It should be easy to read, with clear and succinct communication used throughout.
• It should be able to be understood in conjunction with your logbook — it does not need to be a carbon copy

of your logbook.

A sample format of the poster is shown in figure 12.64, but similar sections will be found in other reports.

Keep in mind that to be readable, a poster needs to be concise, so additional information can be referred to in an
appendix/addendum/logbook, and summary data/information presented on the poster for the clearest possible
communication.
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FIGURE 12.64 Format of scientific poster

Title — The question under investigation, with a clear link to the independent and dependent variables

Student name

COMMUNICATION

STATEMENT

A one-sentence summary 

reporting the key finding

of your investigation
(this should take up 20–25%

of the total poster space)

Reference and acknowledgements

• A clear list of references and acknowledgements to sources of all information

Introduction

 • Purpose of the investigation

 • Aim

 • Hypothesis

 • Background information

Methodology and methods

  • Outline of the materials and methods

       used that can be authenticated by

       logbook entries

 • Information about the choice of

       equipment and how variables were

       controlled

 • Identification and management of

    relevant risks, including health, safety

       and ethics

Results

•
 
Presentation of collected data in an

   appropriate format that allows for

   trends, patterns and relationships to

   be easily seen

Discussion

 • Analysis and evaluation of primary

       data — does it support your initial

       intentions and relevant theory?

 • Identification of outliers and

       their treatment

 • Sources of error and uncertainty

 • Identification of limitations, with

       suggested improvements

 • Link to relevant chemical concepts

    • Linking of results to investigation

       question, aim and hypothesis

    • Implications and information about

       further investigations — what would

       the next steps be?

Conclusion

 • Conclusion that provides a response

       to the question referring to the aim

    and hypothesis

12.9.10 Practical investigation checklist
As part of your outcome, you will need to submit both your logbook and poster. Before you do, make sure you
have done the following in either your logbook or poster (or both):

⃞ Your name, the title and the aim/hypothesis are listed.
⃞ An introduction describes the purpose and outlines the investigation in a logical and concise manner. Key
terms are defined and variables are stated clearly. Relevant theory is addressed.

⃞ The method is outlined clearly in step form including a consideration of ethics, health and safety. A risk
assessment is provided.

⃞ Your logbook contains dates, headings and complete records.
⃞ Any abbreviations are explained.
⃞ Results are presented in an organised way, in a table if possible. All relevant measurements are recorded
with appropriate accuracy and units.

⃞ Observations are clear and concise, as are all diagrams, graphs and tables used.
⃞ Any calculations are shown.
⃞ There is a concise summary and interpretation of key findings, including trends and any unexpected results
with connection to theory.

⃞ The experimental design is evaluated and possible improvements are included.
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⃞ There are suggestions for future investigations.
⃞ The conclusion concisely summarises how your results support or contradict your original hypothesis.
⃞ All sources are acknowledged and references correctly cited.
⃞ The use of key terms, symbols and equations is appropriate.

A poster or other form of scientific report should address all sections in your logbook without going into too
much detail. For example, you would display only a subset of the data to convey your findings and accuracy,
often as a graph.

Key ideas

• Both your logbook and your scientific poster are forms of scientific reporting and require clear
communication.

• A variety of key symbols, formulas, equations, terminology, representations and abbreviations are used
in physics and are required for effective communication.

• Components required in a scientific report include a title, date, name, introduction, aim, hypothesis,
methodology (method and materials), results, discussion, conclusions and references.

• All sourced information must be correctly and clearly referenced using a style such as Harvard or APA.

12.9 Activities

Students, these questions are even better in jacPLUS

 

Receive immediate 
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12.9 Quick quiz 12.9 Exercise 12.9 Exam questions

12.9 Exercise

1. Why is including a key statement in the title of your poster a good way to communicate the findings of your
investigation?

2. Express the following values in their SI base units, using the scientific notation (for instance, 0.0403 mL is
4.03×10−5 L ).
a. 103 580 000 000 μg (in kg)
b. 12 540 km s–1 (in m s–1)
c. 0.0307 TJ (in J)

3. How many significant figures are in each of the following?
a. 1289.2
b. 0.08234
c. 0.8003
d. 121.400

4. Using the information given in brackets, convert the following values to their SI base units and express your
results using the scientific notation.
a. 3.5 years (1 year is 31 536 000 s)
b. 725 mph (1 mph is 0.44704 m s–1)

c. 57 °F (the conversion rule from Fahrenheit to kelvin is K= 5

9
(F+459.67))

d. 0.02701 eV (1 eV is 1.6022×10−19 J)
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e. 0.075 kWh (1 kWh is 3 600 000 J)
f. 3478 light-years (1 light-year is 9.4607×1015m)

5. Describe the following aspects of a scientific report.
a. Introduction
b. Discussion
c. Conclusion

12.9 Exam questions

Question 1 (1 mark)

MC To allow other scientists to replicate an experiment a scientific report must contain
A. an introduction.
B. a method.
C. the results.
D. a conclusion.

Question 2 (1 mark)

MC The reference section of a scientific report must include a list of all
A. equipment used in the experiment.
B. people who contributed to carrying out the experiment.
C. companies who provided financial support for the experiment.
D. references cited in the report.

Question 3 (1 mark)

MC The conclusion of an experiment is based upon
A. the introduction.
B. the method.
C. results from the experiment.
D. the references used.

Question 4 (4 marks)

Using the information given in brackets, convert the following values to their SI base units. Express your results
using the scientific notation, with three significant figures.
a. 4.6275 Planck time (1 Planck time is 5.39×10−44 s) (1 mark)
b. 2486 kcal (1 calorie is 4.184 J) (1 mark)
c. 345 mtorr (1 torr is 123.322 Pa) (1 mark)
d. 0.879 astronomical units (1 astronomical unit is 149 597 871×103m) (1 mark)

Question 5 (2 marks)

Explain what information is included in the abstract of a scientific report.

More exam questions are available in your learnON title.
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12.10 Review questions
1. An investigation was conducted to observe the differences in voltage between a series and parallel circuit.

a. Identify two pieces of quantitative data that you could record and measure.
b. What instruments, if any, would you need to make these observations?
c. Identify two pieces of qualitative data that you could observe.
d. What instruments, if any, would you need to make these observations?

2. Identify a key difference between the members of the following pairs.

a. Independent and dependent variables
b. Qualitative and quantitative data
c. Control group and experimental group
d. Primary and secondary sources of data
e. Uncertainty and error

3. In an investigation conducted in class, Ben recorded a voltage of 0.01430 V.

a. How many significant figures does this recorded voltage have?
b. Write this voltage in scientific notation.

4. Chris observes that when a droplet of water falls on a hot plate, it fizzes and shoots around the plate for some
time. The droplet slowly gets smaller and finally disappears to nothing. Chris decides to investigate how long
the droplet lasts and how that might be affected by the temperature of the hot plate and the size of the droplet.
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The equipment used was a hot plate, several droppers and a stopwatch. The time was measured three times
for each eye dropper and for six different temperature settings. The middle reading of the three readings was
plotted, as shown on the following graphs.
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a. Write an aim for this investigation.
b. List the variables in Chris’s investigation. For each variable, indicate whether it is an independent or

dependent variable, and for each independent variable, indicate whether it is a continuous variable or a
discrete variable. Give a reason for each answer.

c. Write a conclusion for this investigation.
d. A number of limitations may be identified in this investigation. Discuss these limitations and suggest some

suitable improvements. Your discussion could address the following: selection of variables, experimental
design, scientific method, data analysis, interpretation of results.

e. Suggest another independent variable.
f. Suggest a method for estimating the size of a water droplet.
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5. Ammie conducted an experiment to explore how temperature affects the speed of sound travelling through the
air. Her data are shown in the following table.

Temperature (∘C) Speed (m s–1)

0 329

10 335

20 340

30 351

40 358

50 362

a. Sketch a graph of the data, including a correct scale and labels.
b. Describe the trends and patterns in the graph.
c. What conclusions would you make from this investigation?

12.10 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 NHT Exam, Section A, Q.19; © VCAA

In an experimental investigation, an independent variable is one that is

A. independent of the investigator’s control.

B. a value selected by the investigator.

C. fixed throughout the experiment.

D. the key variable to be measured.

Question 2

Source: VCE 2019, Physics NHT Exam, Section A, Q.20; © VCAA

Four students measure the length of a piece of string. Each student takes five measurements and displays the
results as five dots, as shown in the diagram below. The true value is also shown in the diagram.

Student A

true value

Student B Student C Student D

Which student produced a set of precise but inaccurate results?

A. Student A

B. Student B

C. Student C

D. Student D
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Question 3

In physics, what does the symbol ∆ represent?

A. Force

B. Proportional to

C. Change in quantity

D. Torque

Question 4

Source: VCE 2018, Physics Exam, Section A, Q.19; © VCAA

The diagram below shows a properly calibrated ammeter with its pointer registering a current of close to 3 A.
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Which one of the following is the most appropriate measure of the uncertainty of this pointer reading?

A. 0.05 A

B. 0.5 A

C. 0.8 A

D. 1 A

Question 5

Which of the following is correct in relation to systematic errors?

A. They can affect the accuracy of a reading.

B. They can be caused by human fault.

C. They can be improved by repeating an experiment.

D. They can be caused by deliberate changing of the results due to bias.

Question 6

Melissa was investigating the resistance of different types of metal. The results of her investigation are as follows.

Type of metal Resistance (×10−8Ω)
Silver 1.78

Gold 2.51

Copper 2.03

Zinc 5.03

Iron 10.42

Aluminium 3.12

Which of the following graphs is most appropriate to show and analyse trends in Melissa’s data?
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Question 7

What is the difference between an aim and hypothesis?

A. The aim of an experiment is a statement, but the hypothesis is a question.

B. The aim includes the dependent and independent variables, but a hypothesis does not.

C. The aim explains the expected data, but the hypothesis explains how you will get the data.

D. The aim outlines the purpose of the investigation, but the hypothesis is a testable prediction.

Question 8

Olivia and Vanessa both ran a lap of a 400-metre track. On a very close finish, it was found that Vanessa was
874 milliseconds faster than Olivia.

Which of the following is correct about Vanessa’s result?

A. It is equal to 874 000 microseconds.

B. It contains two significant figures.

C. It can be written as 87.4×10−2 milliseconds.

D. It can be shortened to 874 μs.

Question 9

Theories are

A. concepts that were once accurate, but have now been rejected.

B. diagrammatic representations of abstract concepts.

C. ideas that are unable to be rejected due to the amount of evidence they have.

D. well-supported ideas for which evidence has been gained from investigations, research and observations.

Question 10

Source: VCE 2018, Physics NHT Exam, Section A, Q.20; © VCAA

The main reason for repeating an experiment is to

A. reduce random error.

B. reduce systematic error.

C. allow for differences between researchers.

D. allow for variations in controlled variables.
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Section B — Short answer questions

Question 11 (8 marks)

Vicki decided to investigate the following experiment she found on YouTube.

An investigator constructed a Newton’s cradle. They connected five balls on separate strings, pulled the last ball
back and released, and investigated how long it took to stop.

 

Vicki wanted to take this investigation further and determine how the size of the balls affected the time for
movement to stop.

a. Identify the dependent variable in this investigation. (1 mark)

b. List two variables that need to be controlled in this investigation. (1 mark)

c. Describe what measuring equipment should be used in this investigation and identify one factor that could
affect the accuracy of this piece of equipment. (2 marks)

d. Write a clear experimental method for Vicki to investigate how the size of the balls affects the time for the
Newton’s cradle to stop. (4 marks)

Question 12 (6 marks)

An investigation was being conducted by students to examine how the current in a circuit is affected by the length
of a resistor. The devices explored were resistors, light bulbs and diodes.

a. Write a suitable aim for this investigation. (1 mark)

b. Identify the hypothesis for this investigation. (1 mark)

c. Describe one piece of qualitative data and one piece of quantitative data that may be collected in this
investigation. (2 marks)

d. Explain two factors that may lead to differences in results between different students. (2 marks)

Question 13 (8 marks)

A student conducted an experiment, examining the relationship between current and voltage in a circuit
containing a light globe. The results from this investigation are as follows.

Current (A) Voltage (V)

0.3 1.5

0.4 3.0

0.5 4.5

0.6 6.5

0.7 8.5
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The student also calculated the uncertainty and found that their voltages all had an uncertainty of ± 1.2 V.

a. Using graph paper:
• plot the graph showing the data provided, ensuring that voltage is shown on the vertical axis
• label the graph and axes as appropriate
• draw a line of best fit
• show error bars for voltage. (4 marks)

b. Describe any trends in the data. (2 marks)

c. Determine the gradient of the line of best fit. Show all working. (2 marks)

Question 14 (8 marks)

Two students, Joe and Paul, conducted an investigation to confirm that momentum was conserved in a system in
which two cars collided. They explored the velocity and momentum of two model cars before and after a collision.

Their results are shown in the following table.

Joe Paul
Before collision After collision Before collision After collision

Mass of car 1 (g) 251.0 270.0

Mass of car 2 (g) 265.0 271.0

Velocity of car 1 (cm s–1) 0.60 0.14 0.26 0.13

Velocity of car 2 (cm s–1) 0 0.14 0 0.13

Momentum of car 1 (g cm s–1) 150.6 35.14 70.2 35.1

Momentum of car 2 (g cm s–1) 0 37.10 0 35.23

a. Describe one error that may have occurred that reduced the accuracy of the data for both Paul and Joe, and
identify how this error may be avoided. (2 marks)

b. Calculate the total momentum for ‘after the collision’ for Paul, using appropriate significant figures based on
the data provided. (2 marks)

c. Describe, with reference to the Law of Conservation of Momentum, why the results obtained by Paul are more
accurate than those obtained by Joe. (2 marks)

d. Momentum is often calculated in kg m s–1. Convert the momentum of car 1 after the collision into kg m s–1.
(2 marks)

Question 15 (16 marks)

Source: VCE 2022, Physics Exam, Section B, Q.10; © VCAA

Physics students use a tennis ball launcher on a level, outdoor oval on a windless day to investigate projectile
motion, as shown in Figure 9. Assume that the tennis balls are launched from ground level.

 

u
launch angle from

horizontal, θ

R

tennis ball

launcher

Figure 9

The tennis ball launcher can be set to project tennis balls at speeds, u, between 8 m s−1 and 30 m s−1 and at
angles, θ, between 10° and 80°. Standard tennis balls of mass 56 g are used.
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The students measure the range, R, of the projected tennis ball at a fixed speed for various angles.

a. The variables in this experiment can be classified as controlled, dependent or independent.
Complete the table below by providing one variable from the experiment for each classification. (3 marks)

Classification Variable
controlled

dependent

independent

b. The students set the tennis ball launcher to project tennis balls at a speed of 25 m s−1. They vary the angle
between 10° and 80° and measure the range, R. The students repeat each experiment at each angle three
times and determine the average range. The results are shown in Table 1 below.

Table 1

Angle (°) Average range (m)

10 17

20 30

30 37

40 40

50 40

60 36

70 29

80 15

The students determine that the uncertainty in the measurement of the range is ± 1 m.
On the grid provided below:

• plot the data from Table 1
• add a scale to each axis
• insert appropriate uncertainty bars for the range for at least three data points
• draw a smooth curve of best fit. (6 marks)

 
launch angle from

horizontal, θ (°)

range, R (m)
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c. From the graph in part b., estimate the maximum range and the angle that gives the maximum range.
(2 marks)

d. The students think that air resistance on the tennis ball may affect the maximum range. They decide to
compare their data to the theoretical range achieved when air resistance is ignored.

i. Using the range formula R= u2 sin 2𝜃
g

, calculate the theoretical range of a projectile launched at an initial

speed of 25 m s−1 and at an angle of 30°. Use g = 9.8 m s−2. (2 marks)

ii. Evaluate whether the effect of air resistance can be ignored by the students when analysing their data.
Justify your answer. (3 marks)
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APPENDIX 1
Formulae and data

Velocity; acceleration v= ∆s∆t ; a= ∆v∆t
Equations for constant acceleration v = u + at

s = ut + 1

2
at2

v2 = u2 +2as

s = 1

2
(v+u)t

Newton’s Second Law of Motion ΣF=ma

Circular motion a= v2

r
= 4𝜋2r

T2

Hooke’s Law F=−kx
Elastic potential energy Ee = 1

2
kx2

Kinetic energy Ek = 1

2
mv2

Newton’s Law of Universal Gravitation F=G
m1m2

r2

Gravitational field strength g=G
M

r2

Gravitational potential energy near Earth’s surface Eg =mg∆h
Impulse I=F∆t=m∆v
Momentum p=mv

Lorentz factor  𝛾= 1
√

1− v
2

c
2

Time dilation t= t0𝛾
Length contraction  L= L0𝛾
Relativistic mass m=m0𝛾

(continued)
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(continued)

Relativistic total energy  Etotal =𝛾mc2

Rest energy  Erest =mc2

Relativistic kinetic energy Ek = (𝛾− 1) mc2

Magnetic force on a current-carrying conductor F=nIlB

Magnetic force on a moving charge F=qvB

Radius of a charged particle in a magnetic field r= mv

qB

Energy transformation for electrons in an electron gun
(< 100 keV)

1

2
mev

2 = eV

Radius of electron path in a magnetic field r= mev

eB

Magnetic force on a moving charge, q F=qvB

Electric field between charged plates E= V

d

Energy transformation of charges in an electric field
1

2
mv2 =qV

Field of a point charge E= kq

r2

Force on an electric charge F=qE

Coulomb’s Law F= kq1q2

r2

Voltage; power V=RI; P=VI= I2R

Resistors in series Requivalent =R1 +R2

Resistors in parallel
1

Requivalent

= 1

R1

+ 1

R2

Transformer action
V1

V2

= N1

N2

= I2

I1

AC voltage and current VRMS = 1
√

2
Vpeak; IRMS = 1

√

2
Ipeak

Electromagnetic induction EMF ∶ 𝜀 = −N∆Φ∆t ; flux ∶Φ=B⊥A
(continued)
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(continued)

Transmission losses Vdrop = IlineRline;
Ploss = I2lineRline

Photoelectric effect Ek max =hf−Φ
Photon energy E=hf= hc𝜆
Photon momentum p= h𝜆
De Broglie wavelength 𝜆= h

p

Wave equation v= f𝜆
Constructive interference path difference=n𝜆
Destructive interference path difference=(

n+ 1

2

)𝜆
Fringe spacing ∆x= 𝜆L

d

Data and constants

Universal gravitational constant G=6.67×10−11N m2kg−2

Mass of Earth ME =5.97×1024kg

Radius of Earth RE =6.37×106m

Acceleration due to gravity at Earth’s surface g=9.8 m s−2 downwards

Mass of an electron  me =9.1×10−31kg

Charge of an electron e=−1.6×10−19C

Planck’s constant h = 6.63×10−34J s= 4.14×10−15eV s

Speed of light in a vacuum  c=3.0×108 m s−1

Coulomb constant in air k=8.99×109N m2C−2

Prefixes/units

p = pico = 10–12 n = nano = 10–9 μ = micro = 10–6 m = milli = 10–3

k = kilo = 103 M = mega = 106 G = giga = 109 t = tonne = 103 kg

Source: VCAA
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APPENDIX 2
Periodic table

1

Hydrogen

H

1.0

2

Helium

He

4.0

3

Lithium

Li

6.9

4

Beryllium

Be

9.0

11

Sodium

Na

23.0

12

Magnesium

Mg

24.3

19

Potassium

K

39.1

20

Calcium

Ca

40.1

21

Scandium

Sc

45.0

22

Titanium

Ti

47.9

23

Vanadium

V

50.9

24

Chromium

Cr

52.0

25

Manganese

Mn

54.9

26

Iron

Fe

55.8

27

Cobalt

Co

58.9

37

Rubidium

Rb

85.5

38

Strontium

Sr

87.6

39

Yttrium

Y

88.9

40

Zirconium

Zr

91.2

41

Niobium

Nb

92.9

42

Molybdenum

Mo

96.0

43

Technetium

Tc

(98)

44

Ruthenium

Ru

101.1

45

Rhodium

Rh

102.9

55

Caesium

Cs

132.9

56

Barium

Ba

137.3

57–71

Lanthanoids

72

Hafnium

Hf

178.5

73

Tantalum

Ta

180.9

74

Tungsten

W

183.8

75

Rhenium

Re

186.2

76

Osmium

Os

190.2

77

Iridium

Ir

192.2

89

Actinium

Ac

(227)

90

Thorium

Th

232.0

91

Protactinium

Pa

231.0

92

Uranium

U

238.0

93

Neptunium

Np

(237)

94

Plutonium

Pu

(244)

87

Francium

Fr

(223)

88

Radium

Ra

(226)

89–103

Actinoids

104

Rutherfordium

Rf

(261)

105

Dubnium

Db

(262)

106

Seaborgium

Sg

(266)

107

Bohrium

Bh

(264)

108

Hassium

Hs

(267)

109

Meitnerium

Mt

(268)

Lanthanoids

Actinoids

Period 2

Period 1

Period 1

Group 2

Group 3 Group 4 Group 5 Group 6 Group 7 Group 8 Group 9

Period 3

Period 4

Period 5

Period 6

Period 7

Alkali metal

Alkaline earth metal

Transition metal

Lanthanoids

Actinoids

Unknown chemical properties

Post-transition metal

Metalloid

Reactive non-metal

Halide

Noble gas

Key

Atomic number

Name

Symbol

Relative atomic mass

1

Hydrogen

H

1.0

Group 1

95

Americium

Am

(243)

57

Lanthanum

La

138.9

58

Cerium

Ce

140.1

59

Praseodymium

Pr

140.9

60

Neodymium

Nd

144.2

61

Promethium

Pm

(145)

62

Samarium

Sm

150.4

63

Europium

Eu

152.0
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2

Helium

He

4.0

Group 10 Group 11 Group 12

9

Fluorine

F

19.0

10

Neon

Ne

20.2

17

Chlorine

Cl

35.5

18

Argon

Ar

39.9

7

Nitrogen

N

14.0

8

Oxygen

O

16.0

15

Phosphorus

P

31.0

16

Sulfur

S

32.1

5

Boron

B

10.8

6

Carbon

C

12.0

13

Aluminium

Al

27.0

14

Silicon

Si

28.1

28

Nickel

Ni

58.7

29

Copper

Cu

63.5

30

Zinc

Zn

65.4

31

Gallium

Ga

69.7

32

Germanium

Ge

72.6

33

Arsenic

As

74.9

34

Selenium

Se

79.0

35

Bromine

Br

79.9

36

Krypton

Kr

83.8

46

Palladium

Pd

106.4

47

Silver

Ag

107.9

48

Cadmium

Cd

112.4

49

Indium

In

114.8

50

Tin

Sn

118.7

51

Antimony

Sb

121.8

52

Tellurium

Te

127.6

53

Iodine

I

126.9

54

Xenon

Xe

131.3

78

Platinum

Pt

195.1

110

Darmstadtium

Ds

(271)

111

Roentgenium

Rg

(272)

79

Gold

Au

197.0

80

Mercury

Hg

200.6

81

Thallium

Tl

204.4

82

Lead

Pb

207.2

114

Flerovium

Fl

(289)

115

Moscovium

Mc

(289)

113

Nihonium

Nh

(280)

83

Bismuth

Bi

209.0

84

Polonium

Po

(210)

116

Livermorium

Lv

(292)

117

Tennessine

Ts

(294)

85

Astatine

At

(210)

86

Radon

Rn

(222)

118

Oganesson

Og

(294)

96

Curium

Cm

(247)

97

Berkelium

Bk

(247)

98

Californium

Cf

(251)

99

Einsteinium

Es

(252)

100

Fermium

Fm

(257)

101

Mendelevium

Md

(258)

102

Nobelium

No

(259)

103

Lawrencium

Lr

(262)

Group 13 Group 14 Group 15 Group 16 Group 17

Group 18

112

Copernicium

Cn

(285)

64

Gadolinium

Gd

157.3

65

Terbium

Tb

158.9

66

Dysprosium

Dy

162.5

67

Holmium

Ho

164.9

68

Erbium

Er

167.3

69

Thulium

Tm

168.9

70

Ytterbium

Yb

173.1

71

Lutetium

Lu

175.0
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APPENDIX 3
Astronomical data

Mean radius of orbit Orbital period

(AU) (m) (years) (seconds)
Equatorial
radius (m) Mass (kg)

Sun 6.96 × 108 1.99 × 1030

Mercury 0.387 5.79 × 1010 0.241 7.60 × 106 2.44 × 106 3.29 × 1023

Venus 0.723 1.08 × 1011 0.615 1.94 × 107 6.05 × 106 4.87 × 1024

Earth 1.00 1.50 × 1011 1.00 3.16 × 107 6.37 × 106 5.97 × 1024

Moon 2.57 × 10−3 3.84 × 108 27.3 days* 2.36 × 106* 1.74 × 106 7.35 × 1022

Mars 1.52 2.28 × 1011 1.88 5.94 × 107 3.39 × 106 6.39 × 1023

Jupiter 5.20 7.78 × 1011 11.9 3.74 × 108 6.99 × 107 1.90 × 1027

Saturn 9.58 1.43 × 1012 29.5 9.30 × 108 5.82 × 107 5.68 × 1026

Titan 8.20 × 10−3 1.22 × 109 15.9 days* 1.37 × 106* 2.57 × 106 1.35 × 1023

Uranus 19.2 2.87 × 1012 84.0 2.65 × 109 2.54 × 107 8.68 × 1025

Neptune 30.1 4.50 × 1012 165 5.21 × 109 2.46 × 107 1.02 × 1026

Pluto 39.48 5.91 × 1012 248 7.82 × 109 1.19 × 106 1.31 × 1022

*The orbital period for the Moon and Titan is the time it takes to complete one orbit around Earth and Saturn respectively. All other
listed measurements for the orbital period shows the time to orbit the Sun.

The Milky Way 1.50 × 105 light-years across

Alpha Centauri 4.37 light-years away

Andromeda 2.25 × 106 light-years away

Edge of observable universe 4.65 × 1010 light-years away

Source: Data derived from https://solarsystem.nasa.gov.
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GLOSSARY
absolute independent of frame of reference, permanent
absorption spectrum spectrum produced when light passes through a cool gas. It includes a series of dark lines

that correspond to the frequencies of light absorbed by the gas.
acceleration rate of change of velocity; a vector quantity
accuracy how close an experimental measurement is to a known or ‘true’ value
aim a statement outlining the purpose of an investigation, linking the dependent and independent variables
air resistance the force applied to an object opposite to its direction of motion, by the air through which

it is moving
alternating current (AC) an electric current that reverses direction at short, regular intervals
alternator device in which the ends of the coil are connected to slip rings, causing the voltage to alternate in

direction, inducing an alternating current
amplitude the maximum variation from zero of a periodic disturbance
amplitude size of the maximum disturbance of the medium from its normal state
antinodal line line where constructive interference occurs on a surface
antinode point at which constructive interference takes place
armature frame around which a coil of wire is wound, which rotates in a motor’s magnetic field
assumptions ideas that are accepted as true without evidence in order to overcome limitations in experiments
back emf electromagnetic force that opposes the main current flow in a circuit. When the coil of a motor

rotates, a back emf is induced in the coil due to its motion in the external magnetic field.
bar graph a graph in which data is represented by a series of bars; bar graphs are usually used when one

variable is quantitative and the other is qualitative
bar magnet object with a rectangular shape, generally made up of iron or other ferromagnetic substance,

showing permanent magnetic properties
brushes conductors that make electrical contact with the moving split ring commutator in a DC motor
causation occurs when one factor or variable directly influences the results of another factor or variable
centre of mass the point at which all of the mass of an object can be considered to be positioned when

modelling the external forces acting on the object
centripetal acceleration the acceleration towards the centre of a circle experienced by an object moving in a

circular motion
classical physics the physics that predated Einstein’s discoveries leading to the laws of relativity and quantum

mechanics
coherent same frequency and waveform (in phase); describes light in which all photons are emitted in phase,

leading to intense light
conclusion a section at the end of a report that relates back to the question, sums up key findings and states

whether the hypothesis was supported or rejected
constructive interference the addition of two wave disturbances to give an amplitude that is greater than either

of the two waves
continuous data quantitative data that can take on any continuous value
continuous spectrum a spectrum that has no gaps; there are no frequencies or wavelengths missing from

the spectrum
control group a group that is not affected by the independent variable and is used as a baseline for comparison
controlled variable a variable that is kept constant across different experimental groups
correlation the measure of a relationship between two or more variables
de Broglie wavelength wavelength associated with a particle of matter, in relation to its mass and wavelength
dependent variable the variable that is anticipated to be influenced by the independent variable and is

measured by an investigator
design speed speed at which the force due to friction becomes zero, as seen on a banked track

690 GLOSSARY



destructive interference the addition of two wave disturbances to give an amplitude that is less than either of
the two waves

diffraction the spreading out, or bending of, waves as they pass through a small opening or move past the edge
of an object

diode a two-terminal semiconductor device that allows current to pass through it in one direction but not
the other

dipole field electric field surrounding a positive charge and a negative charge that are separated by a short
distance

direct current (DC) an electric current that flows in one direction only
discrete data quantitative data that can only take on set values
discussion a detailed area of a report in which results are discussed, analysed and evaluated; relationships to

concepts are made; errors, limitations and uncertainties are assessed; and suggestions for future improvements
are made

displacement measure of the change in position of an object, a vector quantity
distance measure of the full length of the path taken when an object changes position, a scalar quantity
eddy current an electric current induced in the iron core of a transformer by changing magnetic fields
elastic collision collision in which the total kinetic energy is conserved
electric dipole a positive charge and a negative charge that are separated by a short distance
electric field vector field describing the property of the space around a charge that causes a second charge in

that space to experience a force due only to the presence of the first charge
electric force force experienced by a charged particle if it is placed within the electric field of a second charged

particle
electric monopole single electric point charge, in which all the electric field lines point inward for a net

negative electric charge or away for a net positive electric charge
electromagnet temporary magnet produced in the presence of a current-carrying wire
electromagnetic induction generation of an electromotive force (emf) in a coil (an electrical conductor) as a

result of a changing magnetic field
electron gun a device to provide free electrons for a linear accelerator, usually consists of a hot wire filament

with a current supplied by a low-voltage source
electron volt the quantity of energy acquired by an elementary charge (qe = 1.6 × 10−19 C) passing through a

potential difference of 1 V. Thus, 1.6 × 10−19 J = 1 eV
emf source of voltage that can cause an electric current to flow
emission spectra spectra produced when light is emitted from an excited gas and passed through a

spectrometer. A spectrum includes a series of bright lines on a dark background. The bright lines correspond
to the frequencies of light emitted by the gas.

errors differences between a measurement taken and the true value that is expected; errors lead to a reduction in
the accuracy of an investigation

ethics principles of acceptable and moral conduct determining what is ‘right’ and what is ‘wrong’
excited state state of an electron in which it has more energy than its ground state
experimental bias a type of influence on results in which an investigator either intentionally or unintentionally

manipulates results to get a desired outcome
experimental groups test group that is exposed to the independent variable
extrapolation an estimation of a value outside the range of data points tested
falsifiable able to be proven false using evidence
ferromagnetic property of materials, such as iron, cobalt and nickel, that can be easily magnetised (act like

a magnet)
frequency a measure of how many times per second an event happens, such as the number of times a wave

repeats itself every second or the number of revolutions that an object completes each second
galvanometer instrument used to detect small electric currents, or to detect the direction of current (such as

in AC)
generator device in which a rotating coil in a magnetic field is used to induce a voltage
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geostationary stationary relative to a point directly below it on Earth’s surface. A geostationary orbit has the
same period as the rotation of Earth

gravitational field vector field describing the property of space that causes an object with mass to experience a
force in a particular direction

gravitational potential energy 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

ground state state of an electron in which it has the least possible amount of energy
histogram a graph in which data is sorted in intervals and frequency is examined, and is used when both pieces

of data are quantitative; all columns are connected in a histogram
hypothesis a tentative, testable and falsifiable statement for an observed phenomenon that acts as a prediction

for the investigation
ideal transformer a transformer that is 100% efficient, meaning its input power is equal to its output power
impulse product of a force and the time interval during which it acts. Impulse is a vector quantity with SI units

of N s.
independent variable the variable that is changed or manipulated by an investigator
induced voltage voltage caused by the separation of charge due to the presence of a magnetic field
inelastic collision collision in which the total kinetic energy is not conserved
inertial reference frame a reference frame that is not accelerating, where Newton’s laws hold true
instantaneous speed speed at a particular instant of time
instantaneous velocity velocity at a particular instant of time
interpolation an estimation of a value within the range of data points tested
invariant quantity unchanging, regardless of the frame of reference
inverse square law relationship in which one variable is proportional to the reciprocal of the square of another

variable
inverter device that converts direct current electricity produced by solar panels into alternating current

electricity, usable in the home
investigation question the focus of a scientific investigation in which experiments act to provide an answer
ionisation energy the amount of energy required to be transferred to an electron to enable it to escape from

a material
isolated system system where no external forces act; the only forces acting on objects in the system are those

applied by other objects within the system.
kinetic energy the energy associated with the movement of an object. Like all forms of energy, it is a scalar

quantity.
left-hand rule rule used to determine the direction of the magnetic force of a magnetic field on a current or

moving positive charge
like charges charges with the same type (both positive, or both negative)
limitations factors that affect the interpretation and/or collection of findings in a practical investigation
line graph a graph in which points of data are joined by a connecting line; used when both pieces of data are

quantitative (numerical)
linear particle accelerator type of particle accelerator based on the work done by the field in moving a charge

from one plate to the other
line of best fit a trend line that is added to a scatterplot to best express the data shown; these are straight lines,

and are not required to pass through all points
logbook a record containing all the details of progress through the steps of a scientific investigation
longitudinal periodic wave wave for which the disturbance is parallel to the direction of propagation
luminiferous aether hypothesised medium permeating space, supposed to carry electromagnetic waves
magnet material or object capable of producing a magnetic field and attracting unlike poles and repelling

like poles
magnetic field vector field describing the property of the space in which a magnetic object experiences a force
magnetic flux measure of the amount of magnetic field passing through an area; measured in webers (Wb)
magnetic flux density (B) strength of a magnetic field; measured in tesla (T) or weber per square metre

(Wb m−2)
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magnetic induction process by which a substance, such as iron, becomes magnetised by a magnetic field
mass–energy concept used to describe mass and energy as equivalent, given by E = mc2

matter anything that takes space (has volume) and has a rest mass
model a representation of ideas, phenomena or scientific processes; can be a physical model, mathematical

model or conceptual model
momentum the product of the mass of an object and its velocity; a vector quantity
monochromatic light of a single frequency and, hence, very clearly defined colour
net force the vector sum of all the forces acting on an object
nodal line line where destructive interference occurs on a surface, resulting in no displacement of the surface
node point at which destructive interference takes place
nominal data qualitative data that has no logical sequence
null-result experimental outcome not showing an expected effect
orbital period the time it takes for a satellite to complete one orbit around a central object
ordinal data qualitative data that can be ordered or ranked
outlier an unusual result that differs from other results
path difference the difference between the lengths of the paths from each of two sources of waves to a point
peak current the amplitude of an alternating current
peak-to-peak voltage the difference between the maximum and minimum voltages of a DC voltage
peak voltage the amplitude of an alternating voltage
period time taken for an object, moving in a circular path and at a constant speed, to complete one revolution;

the time it takes a source to produce one complete wave (or for a complete wave to pass a given point)
periodic wave a disturbance that repeats itself at regular intervals
personal errors human errors or mistakes that can affect results but should not be included in analysis
photoelectric effect the emission of electrons when electromagnetic radiation hits a metal surface
photon a discrete bundle of electromagnetic radiation. Photons can be thought of as discrete packets of light

energy with zero mass and zero electric charge
photovoltaic cell device that transforms electromagnetic energy, such as light from the Sun, directly into

electrical energy. Also known as a PV cell or solar cell.
power rating the total electrical power required for an appliance or machine to operate normally
precision how close multiple measurements of the same investigation are to each other
primary data direct or firsthand evidence obtained from investigations or observations
primary source a document that is a record of direct or firsthand evidence about some phenomenon
proper length the length measured in the rest frame of the object
proper time between two events, the time measured in a frame of reference where the events occur at the same

point in space. The proper time of a clock is the time the clock measures in its own reference frame.
qualitative data data with labels or categories rather than a range of numerical quantities; also known as

categorical data
quantised cannot be divided or broken up into smaller parts
quantitative data numerical data that examines the quantity of something (e.g. length or time); also known as

numerical data
quantum a small quantity of a fixed amount
random errors chance variations in measurements
randomised refers to when the assigning of individuals to an experiment or control group is random and not

influenced by external means
refraction the bending of light as it passes from one medium into another
relative in relation to something else, dependent on the observer
relativistic mass the mass of a body in motion, relative to an observer, also known as inertial mass
repeatability how close the results of successive measurements are to each other in the exact same conditions
reproducibility how close results are when the same variable is being measured but under different conditions
resolution smallest change in the quantity being measured that causes a perceptible change in the value

indicated on a measuring instrument
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resonance when the amplitude of an object’s oscillations is increased by the matching vibrations of another
object or an external force

rest mass mass of an object measured at rest
restoring force force applied by a spring to resist compression or extension
results a section in a report or poster in which all data obtained is recorded, usually in the form of tables

and graphs
right-hand-slap rule rule used to determine the direction of the magnetic force of a magnetic field on a current

or moving positive charge
risk assessment a document that examines the different hazards in an investigation and suggests safety

precautions
RMS voltage the value of the constant DC voltage that would produce the same power as AC voltage across the

same resistance
road friction the force applied by the road surface to the wheels of a vehicle in a direction opposite to the

direction of motion of the vehicle
sample size the number of trials in an investigation
satellite an object that is orbiting a larger central mass. Satellites can be natural (such as the Moon) or

man-made (such as the International Space Station)
scalar quantity quantity with only a magnitude (size)
scatterplot a graph in which two quantitative variables are plotted as a series of dots
scientific investigation methodology the process of finding the answer to a question through testing and

experimentation
scientific method the procedure that must be followed in scientific investigations, consisting of questioning,

researching, predicting, observing, experimenting and analysing; also called the scientific process
scientific methodology the type of investigation being conducted to answer a question and resolve a hypothesis
scientific poster a hard-copy or digital poster used to display the key findings from investigations conducted to

answer a scientific question or hypothesis
secondary data comments on or summaries and interpretations of primary data
secondary source a document that comments on, summarises or interprets primary data
slip ring an electromechanical device carrying current from a stationary to a rotating structure
solenoid coil of wire wound into a cylindrical shape
spectrometer device used to disperse light into its spectrum
speed the rate at which distance is covered per unit time; a scalar quantity
split ring commutator a device that reverses the direction of the current flowing through an electric circuit

every half turn of the loop
standing wave the superposition of two wave trains at the same frequency and amplitude travelling in opposite

directions, also known as stationary waves as they do not appear to move through the medium. The nodes and
antinodes remain in a fixed position.

step-down transformer the output (secondary) voltage produced is less than the input (primary) voltage
step-up transformer the output (secondary) voltage produced is greater than the input (primary) voltage
strain potential energy energy stored in an object as a result of a reversible change in shape
superposition the adding together of amplitudes of two or more waves passing through the same point
systematic errors errors, usually due to equipment or system errors, that affect the accuracy of a measurement

and cannot be improved by repeating an experiment
tentative not fixed or certain; may be changed with new information
terminal velocity velocity reached by a falling object when the upward air resistance becomes equal to the

downward force of gravity
testable able to be supported or proven false through the use of observations and investigation
theory a well-supported explanation of phenomena, based on facts that have been obtained through

investigations, research and observations
thought experiment an imaginary scenario designed to explore what the laws of physics predict would happen;

also known as a gedanken experiment
time dilation the slowing of time by clocks moving relative to the observer
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torque the turning effect of the forces on the coil in an electric motor
transformer a device in which two multi-turn coils may be wound around an iron core. One coil acts as an

input while the other acts as an output. The purpose of the transformer is to produce an output AC voltage that
is different from the input AC voltage.

transverse wave wave for which the disturbance is at right angles to the direction of propagation
uncertainty a limit to the precision of data obtained; a range within which a measurement lies
uniform electric field electrical field in which the strength and direction are constant at every point
United Nations Declaration on the Rights of Indigenous Peoples a universal framework of minimum

standards for the survival, dignity and well-being of the indigenous peoples of the world
unlike charges charges with opposite type (one negative, one positive)
validity how accurately an experiment investigates the claim it is intended to investigate
variable any factor that can be changed in an investigation
vector quantity quantity requiring both a direction and a magnitude
velocity the rate of change of position of an object; a vector quantity
velocity selector device that can be used as a velocity filter using a magnetic field to deflect the beam of

charged particles in one direction, and an electric field to deflect the beam in the opposite direction
wave transfer of energy through a medium without any net movement of matter
wavelength distance between successive corresponding parts of a periodic wave
wave–particle duality description of light as having characteristics of both waves and particles. This duality

means that neither the wave model nor the particle model adequately explains the properties of light on
its own.

Wien filter device that can be used as a velocity filter using a magnetic field to deflect the beam of charged
particles in one direction, and an electric field to deflect the beam in the opposite direction

work energy transferred to or from another object by the action of a force. Work is a scalar quantity.
work function the minimum energy required to release an electron from the surface of a material
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Answers
1 Newton’s laws of motion
1.2 BACKGROUND KNOWLEDGE Motion
review

Sample problem 1
a. 3.3 m s−2 north

b. 10 m s−2 N37°E
c. 2.8 m s−2 south-east (or S45°E)

Practice problem 1
a. 3.0 m s−2 north

b. 7.1 m s−2 south-west

c. 7.1 m s−2 39° south to east

Sample problem 2
a. 10 m south

b. 3.0 m s−2 south

c. 6.1 m s−1 south

Practice problem 2
a. a= 3.0 m s−2 south

b. a= 5.0 m s−2 north

c. vav = 8.3 m s−1 south

Sample problem 3
a. a= 3.8 m s−2 down the slope

b. t= 3.2 s

c. s= 4.7 m

d. t≈ 1.6 s

Practice problem 3
a. v= 30 m s−1

b. a= 0.63 m s−2

c. vav = 25 m s−1

d. v= 21 m s−1i. v= 25 m s−1ii.

1.2 Exercise
1. 3.5 m s−1

2. 25 km h−1s−1 S37°Ea.

6.9 m s−2 S37°Eb.

3. 25.5 sa.

Time (s)

8 25.5

70

V
e

lo
c

it
y
 (

m
s

–
1
)

b.

1172.5 mc.

4. 632 kg m s−1

1.3 Newton’s laws of motion and their
application

Sample problem 4
a. a= 3.00 m s−2 east

b. a= 2.30 m s−2 easti.

Ftc = 1.12× 103 Nii.

Practice problem 4
a. i. Fdriving force = 500 N

ii. FT = 100 N

b. i. ∑F= 1.2× 103 N

ii. FT = 1.3× 103 N

iii. Fdriving force = 4.5× 103 N

Sample problem 5
a. FN = 663 N, rounded to 6.6× 102 N

b. FR = 178 N, rounded to 1.8× 102 N

Practice problem 5
a. i. F= 2.5× 102 N

ii. FN ≈ 8.5× 102 N

b. a≈ 2.0 m s−2
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1.3 Exercise
1. Air

resistance

Fg

a. FN

Fg

b.

Air

resistance

Fg

c.

2. Fa. Cb. Xc.

3. 39.2 Na. 10 Nb. 32.2 Nc.

4. −35 m s−2a. 7000 Nb.

5. Normal force (FN)

Force due to gravity (Fg)

Friction (FR
)

20°

20°

a.

1.4× 104 Nb.
The car is stationary, so the net force on it is zero.c.

5.0× 103 Nd.

6. a. As the skier is moving at a constant speed there is no
net force.

b. 2.9× 102 N

7. a. 3.8× 102 N north

b. 1.7× 103 N north

8. 74 N

9. 8.7°
1.3 Exam questions
1. C

2. B

3. a.

trailer

FN

Fg

Ftension

15°

b. Ftow = 5× 102 N

4. v= 2 m s−1

5. a= 2.0 m s−2

1.4 Projectile motion

Sample problem 6
a. t= 4.5 s

b.

99

78

60

44

31

20

11

4.9

1.2

0.0

V
e

r
ti

c
a

l 
d

is
ta

n
c

e
 (

m
)

Ground

Practice problem 6
a. s≈ 44 m

b. v= 2.9× 101 m s−1

Sample problem 7
a. t= 4.5 s

b. s= 90 m
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c. See figure at the bottom of the page*

Practice problem 7
a. The cliff is 76 m high

b. s= 1.6× 102 m

c. v=−39 m s−1

d. 𝜃= 44°
Sample problem 8
a. t= 0.41 s

b. s= 0.82 m

c. 9.8 m s−2 downwards

d. v= 4.0 m s−1 downwards

Practice problem 8
a. v= 3.1 m s−1 downwards

b. t= 0.64 s

Sample problem 9
s= 48 m, the stunt driver won’t make it and will land in the
river.

Practice problem 9
a. uvertical ≈ 13.5 km h−1 and uhorizontal ≈ 29 km h−1

b. t= 0.77 s

c. s= 6.2 m

1.4 Exercise
1.

Fg Fg Fg

Air

resistance

Air

resistance

Going down

At the topGoing up

2. The acceleration of a projectile when in motion is due
to gravity, which is a constant near Earth’s surface
(9.8 m s–2 downwards). This is displayed by the following
acceleration–time graph:

a (m s–2)

t (s)

–9.8

*c.

1.2
0.0

99

0 10 20 30 40 50

Horizontal distance (m)

60 70 80 90

78

60

44

31

20

11

4.9

V
e

r
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c
a

l 
d
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n
c

e
 (

m
)
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Acceleration is the change in velocity (or the gradient),
so the velocity of a projectile is a straight line of gradient
–9.8 as shown in the following diagram:

v (m s–1)

t (s)

Velocity is the change in position (or the gradient), so
the position of a projectile is a negative parabola. This is
displayed on the following position–time graph:

t (s)

s (m)

3. a. Vertical component:
vv = 20 sin 50°≈ 15 m s−1

Horizontal component:
vh = 20 cos 50°≈ 13 m s−1

b. Vertical component:
vv = 11 cos 23°≈ 10 m s−1

Horizontal component:
vh = 11 sin 23°≈ 4.3 m s−1

c. Vertical component:
vv = 5 m s−1

Horizontal component:
vh = 5 sin 0°= 0 m s−1

d. Vertical component:
vv = 10 sin 0°= 0 km h−1

Horizontal component:
vh = 10 km h−1

e. Vertical component:
vv = 33 cos 60° or 33 sin 30°= 16.5 m s−1

Horizontal component:
vh = 33 sin 60° or 33 cos 30°≈ 29 m s−1

4. 3.67 sa.
16.5 mb.

Fnet

i. ii. iii.

Fnet Fnet

c.

5. No

6. ≈ 4.76 m s−1a. ≈ 18°b. ≈ 0.12 mc.

7. a. ≈ 0.71 s

b. Vertical component ≈ 2.45 m
Horizontal component ≈ 4.92 m

c. ≈ 0.30 s

d. Into the net

8. ≈ 0.81 sa. ≈ 9.2 mb.≈ 0.90 sc. ≈ 19.5 md.

9. a. The range of the jump is 19.6 metres.

b. The velocity of the water skier when they hit the water
is 15.0 m s−1 in the direction of 37 degrees below the
horizontal.

10. 5.4 m s−1

11. ≈ 18.5°
1.4 Exam questions
1. a. Horizontal component of velocity: vH = 7.0 cos 50°=

4.5 m s−1

t = d

v= 3.2
4.5

t = 0.71 s

b. The top of the basket is 3.5 m above the ground.

2. d= 1.2 ma. 0.8 mb. vf = 5 m s−1c.

3. x= 4.0 m

4. t= 2.0 sa. x= 50 mb. Ekfinal = 1017 Jc.

5. d= 139 m

1.5 Uniform circular motion

Sample problem 10
5 m s−1a. vav = 0 m s−1b. 5 m s−1 northc.

Practice problem 10
r= 3.1 ma. 1.3 m s−1b.

vav = 0.83 m s−1c. vav = 0 m s−1d.

Sample problem 11
a. a= 9.0 m s−2 towards the centre of the roundabout

b. Fnet = 1.1× 104 N towards the centre of the roundabout

Practice problem 11
a. a≈ 22 m s−2 south

b. Fnet = 1.3× 103 N towards the centre of the circle

c.

Fg = mg

Fby gravitron on Kwong

(normal force)

Fby gravitron on Kwong

(friction force)
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Sample problem 12
v= 12.4 m s−1

Practice problem 12
Fnet = 1.8× 103 N

Sample problem 13
v= 13.3 m s−1

Practice problem 13𝜃 ≈ 15°
Sample problem 14𝜃= 53°
Practice problem 14𝜃 ≈ 10°a. FT ≈ 5.0× 102 Nb.

1.5 Exercise
1. a. a= 0.024 m s−2 towards the centre of the circle

b. ≈ 1.6 N towards the centre of the circle

2. a. ≈ 0.050 m s−2

b. 1.75 N towards the centre of the circle

c. 75 N towards the centre of the circle

d. To move along the same path, the child and the train
require the same acceleration. As the masses of the child
and the train are different, different forces are needed to
produce identical accelerations.

3. To go around a bend, a motorcyclist needs a horizontal force
acting on the bike towards the centre of the curve of the
bend. This is provided by the road acting on the tyres. The
force of the road on the tyres needs to act through the centre
of mass of the cyclist, otherwise the force will act to tip the
bike over. As the horizontal component of this force is acting
towards the centre of the curve, the motorcyclist must lean
into the curve to avoid falling off.

4. ≈ 11.7 m s−2a.

92.0 m s−2 towards the centre of the circleb.
4.60 N towards the centre of the circlec. ≈ 4.63 Nd.

5. ≈ 353 N towards the centre of the circlea.
353 Nb.
The radius will increase to 5 metresc.

6. 82.6°
1.5 Exam questions
1. a. F= 1.6× 104 N

b.
r = 80.0 m

144 km h–1

c. A net horizontal force is required to maintain circular
motion. The horizontal force is provided by the friction
force on the tyres, by the road.

2. a. r= 3.3× 103 m

b. The force of gravity is not zero at the top of the flight. The
‘zero gravity experience’ is due to the lack of a contact or
normal reaction force.

3. a. The height of the mass is 2.0 cos 60°= 1.0 m.

mgh = 1

2
mv2

2.0× 9.8× 1.0 = 0.5× 2.0× v2

v =√

19.6
v = 4.4 m s−1

b. The mass will reach its maximum velocity at the bottom
of the arc, where the maximum amount of gravitational
potential energy will have been converted to kinetic
energy.

c. T= 39 N

4.

θ

Fnet

a.

𝜃= 27°b.

5.

FR

mg

a.

T= 23 Nb.

1.6 Non-uniform circular motion

Sample problem 15
a. v≈ 8.9 m s−1

b. Fnet ≈ 1.2× 103 N upwards

c. FN ≈ 1800 N

Practice problem 15
a. Fnet ≈ 1.1× 103 N

b. FN = 1.7× 103 N

c. Fg = 5.6× 102 N, thus FN ≈ 2.9×Fg

Sample problem 16
a. v= 6.6 m s−1

b. FN=mg− mv2

r
The force due to gravity, mg, is constant, so as the speed, v,
increases, the normal force, FN, gets smaller

c. The passenger will feel lighter.
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Practice problem 16
FN= 2.5× 103 Na. 4.9 m s−1b.

Sample problem 17
v= 6.26 m s−1a. Fnet = 78.4 N upb.

FN = 80.4 N upc. v= 5.77 m s−1d.
FN = 42.7 N downe.

Practice problem 17
v≈ 5.0 m s−1a. Fnet = 13 N upb.

FN = 12 N upc. v≈ 4.6 m s−1d.
FN ≈ 9.8 N downe.

1.6 Exercise
1. When the ball is at the bottom of the circlea.

When the ball is at the very top of the circleb.

2. a.

Fg

Fdriving Fresistive

FN

b. i. 7840 N

ii. ≈ 6.26 m s−1

3. 4.43 m s−1a. ≈ 23.5 N upb. ≈ 22.3 Nc.

4. 1568 N

5. 19.6 m s−2a. 2205 Nb.

1.6 Exam questions

1. a. KE = 1

2
mv2

KE = 0.5× 0.30× 62

KE = 5.4 J

b. As the velocity at B is greater than the minimum velocity
required, the ball will stay on the track.

2. v= 3.9 m s−1a. v= 9.8 m s−1b.

3. a.
N

FR

mg

b. F= 2900 N

c. Roger is incorrect, there is gravity in space. Emily is
correct, gravity is still felt at the top of the loop, however,
if the reaction force (N) equals zero then a person would
feel weightless.

4. v= 7.9 m s−1

5. N= 38 N upwards

1.7 Review

1.7 Review questions
1. The stationary car is pushed forward by the other vehicle.

As a result, the seat pushes the body of an occupant
forward. This happens almost instantaneously. However,
without a headrest, there is nothing to push the occupant’s
head forward quickly. The head remains at rest until pulled
forward by the spine (Newton’s First Law of Motion).
The head applies an equal and opposite force to the spine
(Newton’s Third Law of Motion), potentially causing
serious injuries.

2. To say that the passenger is thrown forward implies that a
force accelerates the passenger. The car slows down rapidly
in most collisions as a result of a large external force. The
passenger continues to move at the original speed of the car
while the car slows down.

3. The matching reaction to the gravitational pull of Earth on
you is the gravitational pull of you on Earth.

4. As no forces are acting in the horizontal direction, there
can be no horizontal acceleration. Therefore, the horizontal
component of velocity must remain constant.

5. The time of a projectile’s flight is the time it takes to hit
the ground. Therefore, the projectile cannot take longer to
complete one part of its motion than the other. Time is the
only useful variable that is a scalar and is the same in both
the vertical and horizontal directions.

6. When a basketball falls from rest, there is initially
no air resistance. As it accelerates downwards due to
Earth’s gravitational pull, the air resistance increases.
The magnitude of the net force, and subsequently its
acceleration, decreases. The air resistance continues to
increase as the acceleration continues downwards. Because
the air resistance is small compared to the basketball’s
weight, the basketball will not reach its terminal velocity,
unless dropped from an aeroplane or helicopter in flight!

7. Newton’s First Law states that an object will continue
to move in a straight line with constant speed unless an
unbalanced force acts on it. Therefore, the mass will
continue to move forwards without a propelling force, once
in motion. The centripetal force acts to change the direction
of the mass, not its speed.

8. a. The braking distance of the train is 200 m.

b. The speed of the cyclist is 14 m s−1.

c. The forward force is 2.4× 104 N.

d. The additional frictional force is 3.2× 104 N.

9. a. The centripetal acceleration of the train is
3.7× 10−2 m s−2.

b. The net force acting on a 45-kg child is 1.7 N towards the
centre of the circle.

c. The net force acting on the 1250-kg train is 46 N towards
the centre of the circle.

d. To move along the same path, the child and the train
require the same acceleration. As the masses of the child
and the train are different, different forces are needed to
produce identical accelerations.
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10. a. The speed of the ball is 5.89 m s−1.

b. The centripetal acceleration of the ball is 30.9 m s−2

towards the centre of the circle.

c. The net force acting on the ball is 3.09 N towards the
centre of the circle.

d. The magnitude of the tension in the string is 3.24 N.

11. The road should be banked at an angle of 84.8°.
12. a. The speed of the gymnast at the point B is 4.43 m s−1.

b. The centripetal force acting on the gymnast at point B is
3.2× 102 N upwards.

c.

FT = 956 N

Fg = 637 N

Fnet = Fc = 319 N

1.7 Exam questions

Section A — Multiple choice questions
1. D

2. A

3. C

4. C

5. C

6. C

7. C

8. D

9. D

10. C

Section B — Short answer questions
11. The reaction force to the action of the force due to gravity

is the normal force by the floor on Liesel, acting upwards
FN= 500 N

12. 9.02 MN

13. The simplest way to start a consideration of forces is to state
that at the top of the loop the centripetal force is provided
by the gravitational force and the normal force from the

track:
mv2

r
=mg+FN. For the car to just remain in contact,

FN = 0.

This means that the centripetal force should be provided by

gravity alone. That is:
mv2

r
=mg. Cancelling the ms yields:

v2 = rg, as required.

The most common error was to start with a rearranged
form of the required formula (e.g. v=√

rg ) and simply
rearrange it. The question required an initial consideration
of forces.

14. Tension

Force due to gravity

a.

v= 1.2 m s−1b.

15. t= vvert − uvert

a
= 0− 25 sin 39°−9.8 = 1.6 sa.

Range= 62 mb.

2 Relationships between force,
energy and mass
2.2 Momentum and impulse

Sample problem 1
a. 1.8× 104 kg m s−1 in a direction opposite to the original

direction of the car

b. 1.8× 104 N s in a direction opposite to the original direction
of the car

c. 3.0× 105 N

d. 3.6× 105 N

Practice problem 1
2.0× 103 N s easta. 2.5× 103 N eastb.

2.5× 103 N westc.

Sample problem 2
12 m s−1

Practice problem 2
4.5 m s−1

Sample problem 3
a. 1500-kg car: 1.80× 104 kg m s−1

1200-kg car: −1.44× 104 kg m s−1

b. 3.60× 103 kg m s−1

c. 3.60× 103 kg m s−1

d. 1.33 m s−1

e. 1.60× 104 kg m s−1 (or N s) in the direction of motion of the
tangled wreck

f. −1.60× 104 kg m s−1 (or N s) in the direction opposite that
of the 1200-kg car
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Practice problem 3
a. 10 m s−1

b. 2.0× 104 N s north
c. −2.0× 104 N s (south)

d. 6.0 m s−1

2.2 Exercise
1. Impulse is equal to the change in momentum.

2. No. The system of the two cars is not isolated. There are
unbalanced frictional forces acting on the cars during and
immediately after the collision.

3. a. 2.0 m s−1 south

b. The vertically downward momentum of the coal decreases
to zero because there is an upward net force acting on
it when it strikes the cart. The total momentum of the
Earth–coal system has not changed.

c. 2.0 m s−1 south

4. a. The forces applied to each car by the other are equal in
magnitude and opposite in direction.

b. The change in velocity of each car is dependent on the
mass of the car. Assuming that the sum of the forces other
than that applied by the other car is zero, the change in
velocity is inversely proportional to the mass of the car.

c. Assuming that you are properly restrained and that
the collision is head-on, your change in velocity (and
therefore the deceleration you are subjected to) is less if
you are in a heavier car.

d. The body continues to move in the original direction and
at the original speed of your car until an unbalanced force
acts on you. If you are not restrained, the unbalanced force
will be provided by the windscreen or part of the interior
of the car, which has already slowed down. A smaller car
will have slowed down more, so the impulse applied to
you (m∆v) will be greater.

5. −10 N sa.

1.0× 102 N away from the wallb.

10 m s−1 away from the wallc.

2.2 Exam questions
1. a. i. F = mg sin𝜃

F = 2.0× 9.8× sin 25°
F = 8.3 N

ii. 1.9 N

b. i. Using conservation of momentum, vf = 2.0 m s−1.

ii. The collision is inelastic, as there is a decrease in
kinetic energy.

2. a. • Acceleration at W is greater than zero and less than
9.8 m s−2.

• Acceleration at X is zero.
• Acceleration at Y is greater than zero and directed to

the left.

b. 9.2 m

c. 67 kg m s−1

d. The momentum is transferred to Earth.

3. a. F= 8.6 N upwards

b. Some of the energy is converted to SPE in the ball.
The rest is lost as heat/sound.

c. The momentum is transferred to Earth.

4. a. 20 N s

b. F= 2000 N

c. The reduction in kinetic energy indicates that the collision
is inelastic.

5. 8.0 N s

2.3 Work done

Sample problem 4
2.53× 105 J

Practice problem 4
6.26× 104 J

Sample problem 5
1× 101 J

Practice problem 5
8 J

2.3 Exercise
1. 200 N

2. 73 J

3. 1.3× 103 J

4. 4.0 J

5. 3.5× 102 J

2.3 Exam questions
1. B

2. 18 Ja. 3.0 m s−1b.

3. The claim is incorrect; the force is at right angles to the
displacement and so zero work is done.

4. 1500 J

5. 18 J

2.4 Kinetic and potential energy

Sample problem 6
a. 4.32× 104 J b. 1.44× 105 N

Practice problem 6
a. 8.0× 104 J b. 4.0× 103 N

Sample problem 7
2.9 J

Practice problem 7
a. 1.94 J b. 25 cm
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Sample problem 8
a. 2.0× 102 N m−1 b. Spring A
a. 2.0 J

Practice problem 8
a. 1.0× 102 N m−1 b. 4.0 J

Sample problem 9
1.0 m s−1

Practice problem 9
a. 0.128 J b. 5.1 cm

Sample problem 10
a. 3.1× 103 J b. 13 m s−1

Practice problem 10
a. 1.5× 104 J b. 22 m s−1

Sample problem 11
a. 9.5 m s−1

b. Kinetic energy is not conserved, thus the collision is not
elastic.

Practice problem 11
a. −0.25 m s−1i. −1.0 m s−1ii.

b. Both collisions are inelastic as in both cases, the final kinetic
energy is less than the initial kinetic energy.

2.4 Exercise
1. a. No. The kinetic energy is not conserved.

b. Sound, along with some heating of the ball, provides
evidence that some of the ball’s initial kinetic energy is
transformed.

c. Yes, momentum is conserved, assuming that the
ball–ground system is an isolated system.

2. 30 m s−1 easta.
1

26
b.

3. 9.8 N upa. 38 N m−1b. Spring Ac.
1.25 Jd. Spring Be.

4. a.

9.8

1.2 m

Height of barbell

G
ra

v
it

a
ti

o
n

 fi
e

ld

s
tr

e
n

g
th

 N
 k

g
–
1

b. 1.8× 103 J

c. 1.8× 103 J

5. 4.1× 103 Ja. 5.5× 103 Jb. 3.1× 105 Jc.

6. a. 1.8× 105 J

b. 1.8× 105 J

c. 4.5× 105 N opposite to the initial direction of motion of
the car

7. The depth of penetration would double.

2.4 Exam questions
1. a. v= 17.3 m s−1

b. 12 m

c. Decrease. Friction will cause the velocity to decrease and

since the radius is related to the velocity by r= v2

g
, if the

velocity decreases the radius will have to decrease as well.

2. a. 0.20 m
b. 0.40 mi. 1.4 m s−1ii.

3. 40 N m−1a. 15 Jb. 2.28 m s−1c.

4. The speed of the car would be 10.7 m s−1.

5. The collision is inelastic.

2.5 Review

2.5 Review questions
1. 0.8 m s–1 east

2. 39.2 J

3. 3.4× 106 Ja. 3.4× 106 Jb.

4. 1.8× 104 Ja. 2.8× 104 Jb.

5. 140 kg m s−1 easta. 2.5 m east of Deanb.

1.2 m s−1 eastc. 1.2 m s−1 eastd.
84 N easte.

6. 9.7× 103 Ja. 1.4× 104 Nb. 2× 106 Nc.

7. a. 4.4× 105 J, assuming m= 4500 kg and h= 10 m.

b. 1.0× 103 J, assuming m= 60 kg and h= 1.7 m.

c. 15 J, assuming m= 1.3 kg and h= 1.2 m.

d. 1.7 J, assuming m= 58 g and h= 3 m.

8. 7350 Ja. 16 m s–1b. 0c. 232 Nd.

9. a. 2.9 m s–1 east

b. 3.4× 104 N s west

c. The car experiences the greatest change of velocity in
magnitude.

d. They both experience the same change in momentum (in
magnitude)

e. They both experience the same force (in magnitude)

10. 7.7× 10−3 ma. 900 Jb. 2.0 m s–1c.

2.5 Exam questions

Section A — Multiple choice questions
1. D

2. C

3. B

4. C

5. A

6. C

7. C

8. B

9. C

10. B

ANSWERS 643



Section B — Short answer questions
11. E= 1.54× 1010 J

12. This is an inelastic collision, as there is a decrease in kinetic
energy.

13. 12 m s–1a. 14 m s–1b.

14. a. 1.9 m s–1 to the left

b. The kinetic energy is not conserved, thus the collision is
inelastic.

c. 358 kN to the righti. −358 kN to the leftii.

15. 0.86 m

Unit 3 | Area of Study 1 review
Section A — Multiple choice questions
1. A

2. D

3. C

4. A

5. A

6. D

7. D

8. A

9. B

10. C

11. C

12. B

13. B

14. D

15. A

16. B

17. A

18. A

19. B

20. C

Section B — Short answer questions
21. Fon bus by wall = 6.4× 104 N east

22. a. The initial gravitational potential energy of the car is 50 J.

b. Because of conservation of energy: Ek = 50 J.

c. The maximum speed of the car is 5.8 m s−1.

d. The work done on the car by the carpet is equal to the
kinetic energy of the car at the bottom of the ramp:
W = 50 J.

e. The average force exerted on the car by the carpet is
8.3 N.

23. a. The elapsed time is 0.34 s.

b. The ball left the bench at a speed of 3.7 m s−1.

c. The speed of the ball just before it strikes the floor is
5.6 m s−1.

24. a. The magnitude of the net force acting on the car is
5.3× 103 N.

b. Arrow A

c. 26°

25. a. The kinetic energy of the pendulum is at its maximum
at the bottom of the arc, and the gravitational potential
energy is at its maximum when the pendulum is at an
angle of 60°. When the pendulum oscillates, its energy is
transformed back and forth between gravitational energy
and kinetic energy, without loss to the environment.

b. The maximum speed of the spherical mass is 25.6 m s−1.

c. The maximum tension in the wire is 548 N.

3 Gravitational fields and their
applications
3.2 Newton’s Universal Law of Gravitation and
the inverse square law

Sample problem 1
a. Fon Earth by person = 6.9× 102 N, towards the centre of Earth.

b. Fon Earth by person =−6.9× 102 N, towards the centre of Earth.

Practice problem 1
Fon Earth by Moon = 1.98× 1020 N, towards the centre of the
Moon.

3.2 Exercise
1. For Mars: Fg = 2.60× 102 N

For Jupiter: Fg = 1.98× 103 N

2. The magnitude of the force of attraction between Earth and
the Sun is 3.60× 1022 N.

3. The magnitude of the force due to gravity would be
1

9
of the

initial force.

4.
Fg Mercury

Fg Earth

= 3.76× 10−1

5. a.

Fg
s1

Fg
s2

= 1.125

b. S2 should be 3 rE above Earth’s surface.

6. The object must be placed 2.46 rE from the centre of Earth.

3.2 Exam questions
1. C

2. A

3. D

4. The magnitude of the gravitational force is 4.46× 102 N.

5. The magnitude of the gravitational force is 4.90× 10−1 N.

3.3 The field model

Sample problem 2
The gravitational field strength of the Moon at the surface of the
Moon is g= 1.62 N kg−1.

Practice problem 2
The gravitational field strength of the Sun at the centre of Earth
is g= 5.93× 10−3 N kg−1.
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Sample problem 3
The magnitude of the gravitational field on a rocket halfway
between Earth and the Moon is1.06× 102 N kg−1, towards
Earth.

Practice problem 3
g= 3.96× 10−2 N kg−1⏟⎵⎵⎵⎵⏟⎵⎵⎵⎵⏟

from the Sun

+ 1.3× 10−7 N kg−1⏟⎵⎵⎵⎵⏟⎵⎵⎵⎵⏟
from Venus

The effect of Venus’s gravitational field on Mercury is
extremely small.

3.3 Exercise
1. a. g= 9.81 N kg−1 b. Fnet = 14.7 N

2. a. The ratio of the magnitudes of the forces experienced is
9

4
.

b.

Earth

Force on object by Earth, at 1rE from the surface

Force on object by Earth, at 2rE from the surface

2rE

rE

The direction of the force is towards the centre of Earth in
both cases.

The ratio of the forces experienced is
9

4
, which should be

reflected in the relative length of the force arrows.

c. The field does not have the same magnitude everywhere,
thus it is not uniform.

3. Planet/dwarf
planet Mass (kg)

Radius
(m) g

(

Nkg−1)

Earth 5.97× 1024 6.37× 106 9.81

Mars 6.39× 1023 3.39× 106 3.71

Venus 4.87× 1024 6.05× 106 8.87

Pluto 1.31× 1022 1.19× 106 0.617

4. The gravitational field lines point inwards because masses
are only attracted to other masses, and gravity is always
attractive, thus an isolated mass will experience an attractive
force towards its own centre, as it is the source of the
gravitational field.

5. a.
d (km) g

(

Nkg−1)

10 000 3.98

20 000 0.995

30 000 4.42× 10−2

b. i. Field strength at 20 000 km ∶ Field strength at
10 000 km= 1 ∶ 4

ii. Field strength at 30 000 km ∶ Field strength at
10 000 km= 1 ∶ 9

iii. Field strength at 30 000 km ∶ Field strength at
20 000 km= 4 ∶ 9

c. Comparing ratios demonstrates the inverse square
relationship for the field from a point mass.

6. a. Fg = 97.3 N

b. Fup = 97.3 N

c. The detector is 6.40× 106m from the centre of Earth.

7. a. gS = 5.90× 10−3 N kg−1

gE = 2.70× 10−3 N kg−1

b. The gravitational field strength experienced by the Moon
from the Sun is approximately twice the gravitational field
strength experienced by the Moon from Earth, which is
surprising as the Moon orbits Earth. However, in fact both
the Moon and Earth orbit the Sun.

8. a. The spacecraft is 3.46× 108m from the centre of Earth.

b.
Distance spacecraft–Earth

Distance Earth–Moon
= 3.46× 108

3.84× 108≃ 90%
The spacecraft has travelled approximatively 90% of the
distance from Earth to the Moon when the net force it
experienced is zero.
See figure at the bottom of the page*

*8. b.

3.84 × 108 m

Earth

x

Moon
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9. a.
Scenario dot gc

(

Nkg−1)

(a) red 6.1104× 10−3

(a) orange 6.1093× 10−3

(b) red 6.1104× 10−3

(b) orange 6.1093× 10−3

b. The results support Julian’s hypothesis, but not Meredith’s
hypothesis.

3.3 Exam questions
1. A

2. The mass of Europa is 4.78× 1022 kg.

3. The gravitational field strength on its surface is
3.40× 10−5 N kg−1.

4. The gravitational field strength on the surface is
39.2N kg−1.

5. The magnitude of the force due to gravity on it at this altitude
6875 N.

6. 2.72× 103 N

7. 0.33

8. 4 m s−2

9. 650 N

3.4 Motion in gravitational fields, from
projectiles to satellites in space

Sample problem 4
20 m

Practice problem 4
20 m s−1

Sample problem 5
a. 1020 m s−1

b. 0.002 72 m s−2

c. 6.02× 1024 kg

Practice problem 5
a. 2.14× 103 m s−1

b. 0.486 m s−2

c. 6.41× 1023 kg

Sample problem 6
Mercury: 3.36× 1018

Venus: 3.35× 1018

Mars: 3.36× 1018

The values of
r3

T 2
for the three planets are approximately the

same, confirming Kepler’s Third Law.

Practice problem 6
Saturn: 3.38× 1018

Uranus: 3.37× 1018

Neptune: 3.36× 1018

Sample problem 7
6.73× 105 m

Practice problem 7
2.67× 107 m

Sample problem 8
3.58× 107 m

Practice problem 8
1.70× 107 m

Sample problem 9
0 N

Practice problem 9
The scales continue to read zero.

3.4 Exercise
1. The orbital speed of the Moon is 1.02× 103 m s−1.

2. The mass of the asteroid is 6.26× 1016 kg.

3. a. The magnitude of the centripetal acceleration is
3.37× 10−2 m s−2.

b. In Victoria, where the radius of Earth is smaller than
at the equator, you would experience less centripetal
acceleration due to Earth’s motion than people on the
equator.

4. a. The orbital speed of the space station is 7.65× 103 m s−1.

b. The magnitude of the centripetal acceleration of the
space station is 8.71 m s−2.

c. The gravitational field strength that the space station
experiences is 8.80 N kg−1.

d. The answers should be the same, discrepancies may
come from rounding off data.

e. The magnitude of the centripetal force on the space
station is 1.06× 107 N .

f. The force exerted on the astronaut by the floor of the
space station is 0 N.

5. The altitude of the spacecraft is 2.98× 103m.

6. According to Newton’s First Law, an object will move in
a straight line, with constant speed, unless an unbalanced
force is acting on it. As gravity acts at right angles to the
satellite’s velocity, it does not change the speed of the
satellite; rather, it changes its direction. This causes the
satellite to move around Earth. Because the force of gravity
and the speed of the satellite remain constant, so must its

radius as r= mv2

F
; therefore, it cannot move closer to Earth.
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7. The period would be increased by a factor of 2
√

2.

8.
distance of Saturn from the Sun

distance of Venus from the Sun
= 13.2

9. Both the astronaut and the space station are in circular
orbit around Earth, they are in free fall. Since they both
have the same acceleration, the astronaut’s motion is
independent of the motion of the space station, so if the
astronaut didn’t strap herself to the chair, there wouldn’t
be a normal force by the chair on the astronaut and by the
astronaut on the chair, and she would float around.

10. a. One possible answer:

Down

200 m

On Earth, a person would feel the ground pushing up
on them. In the space station, the outer wall pushes the
person in (centripetal force). This means that the person
would feel as though the wall is the ground, and the
direction opposite to the centripetal force is down.

b. 28 s

3.4 Exam questions
1. a. Titan’s orbital speed is 5.6× 103 m s−1.

b. The orbital speed increases as the radius decreases.

c. T= 4.6 days

2. a. 1.6× 10−2 m s−2

b.

satellite

25 × R
E

Figure 5

c. Magnitude of acceleration Less than

Kinetic energy Less than

Period More than

3. The mass of the pulsar is 2.71× 1030 kg.

4. a. F= 1.99× 1020 N

b. The average orbital period of Earth’s moon will increase
as its orbit radius increases.

5. a. The radius is 3306 m.

b. The force of gravity is not zero at the top of the flight. The
‘zero gravity experience’ is due to the lack of a contact or
normal reaction force.

3.5 Energy changes in gravitational fields

Sample problem 10
4.2× 108 J

Practice problem 10
1.2× 1014 Ja. 3.5× 1014 Jb.

Sample problem 11
7.39× 108 J

Practice problem 11
2.0× 108 J

Sample problem 12
4.4× 104 Ja. 4.4× 104 Jb.

Practice problem 12
20 J

3.5 Exercise
1. The change in the kinetic energy of the satellite is

approximately 6× 1010 J.

2. The change in in gravitational potential energy is
approximately 6× 109 J.

3. The unit of the area under a force–distance graph is N m= J,
which is a unit of energy. The area under a gravitational field
strength vs. distance graph has the unit N kg−1 = J kg−1,
which is a unit of energy per mass.

4. As the space probe gets closer to Planet Q, the gravitational
potential energy of the probe decreases, increasing its kinetic
energy. As the space probe moves further away from Planet
Q, towards Y, kinetic energy is converted into gravitational
potential energy. The total energy of the space probe (Planet
Q system) is constant because energy is conserved in a
closed system.

5. The change in in gravitational potential energy is
approximately 1010 J.

6. a. The work needed to deploy the shuttle is approximately
109 J.

b. The period of the new satellite is 5.79× 103 s.

c. By using
r3

T2
= constant and known radius and period.

d. The work needed to deploy the satellite would halve and
its period would remain the same.

7. a. The magnitude of the gravitational force on the satellite is
1.36× 104 N.

b. The loss of gravitational potential energy of the satellite
during its fall is approximately 2× 1010 J.
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8. The change in kinetic energy is 2.5 J.

9. The speed of the cannonball is approximately
1.03× 102 m s−1.

3.5 Exam questions
1. A

2. D

3. a. The magnitude of the thrust force is 9.02 MN and the
direction is up.

b. Ek = 1.54× 1010 J

c. Eg= 1.04× 109 J

d. The gravitational potential energy is converted to kinetic
energy.
The kinetic energy is then converted to heat/light/sound
due to friction.

4. ∆Ek = 5.7× 104 J

5. ∆E= 7.2× 105 J

3.6 Review

3.6 Review questions
1. The shape of the field is non-uniform, it attracts other

masses, and the strength of the field is inversely
proportional to the square of the distance from the centre
of Earth.

2.
Fg Mars

Fg Moon

= 2.29

3. The rocket experiences a gravitational field that is the sum
of the field from the Moon and the field from Earth.
The two fields point in opposite directions.
Initially, Earth’s field dominates; however, it gets weaker as
the rocket moves further away from Earth and the Moon’s
field becomes stronger until a point is reached where the
two fields cancel each other out. From that point on, the
field of the Moon dominates the field from Earth.

4. The mass of Jupiter is 1.90× 1027 kg.

5. h= 3.0× 106 m

6. The period would be decreased by a factor of 64.

7. a. The orbital period of the James Webb Space Telescope is
184 days.

b. The orbital speed of the James Webb Space Telescope is
3.75× 102 m s−1.

8. a. Using g= GmE
(

rE + h
)2

and rounding to 3 s.f.:

Altitude h(m) g (Nkg)−1

0 9.813

103 9.810

104 9.783

105 9.512

106 7.331

6.37× 106 0.273

b. Answers will vary. Between sea level and an altitude of
10 km, the variation of the gravitational field strength is
approximately 0.3%, which is negligible.
Thus, using g= 9.8 N kg−1 as an approximation of
Earth’s gravitational field strength for altitudes lower
than 10 km is acceptable.

9. The change in gravitational potential energy is 4.05× 102 J.

10. The change in gravitational potential energy is
approximately 2× 108 J.

3.6 Exam questions

Section A — Multiple choice questions
1. B

2. B

3. D

4. A

5. D

6. C

7. D

8. B

9. C

10. D

Section B — Short answer questions
11. a. The satellite must orbit the centre of mass or the

gravitational/centripetal force must be directed towards
the centre of Earth and the satellite must orbit the same
axis or be in the same plane as Earth’s rotation.

b. The altitude of a geostationary satellite must be equal to
3.59× 107 m.

c. The speed of an orbiting geostationary satellite is
3.07× 103 m s−1.

12. a. The orbital radius of the ICON satellite is 6.97× 106 m.

b. T= 5.79× 103 s

c. The only force acting on the satellite is the gravitational
force, which is constant in magnitude, enabling the
satellite to maintain a stable circular orbit.

d. The change in gravitational potential energy is
1.56× 109 J.

13. a. 9.8 N kg−1

b. At the centre of Earth, the vector sum of the gravitational
fields caused by all the mass of Earth is zero.
At the centre of Earth there are equal masses in all
directions, so the gravitational attraction from one
direction is balanced by an equal attraction from the
opposite direction.

c. The increase in potential energy is approximately
2.3× 109 J.

14. a. The force of gravity, which acts towards the centre of
Earth, is the only force acting on the satellite.

b. T= 4.26× 104 seconds

15. a. 4.5× 103 N

b. The change in gravitational potential energy of the
spacecraft is 1.05× 1012 J

c. The period of Europa is 3.06× 105 s
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4 Electric fields and their
applications
4.2 Coulomb’s Law and electric force

Sample problem 1
The balloons exert a repulsive force on each other (the
force value is positive), and the magnitude of the force is
3.6× 10−6 N.

Practice problem 1
The force between the electron and the proton is attractive (the
force value is negative) and its magnitude is 8.1× 10−8 N.

4.2 Exercise
1. a. The magnitude of the electric force on the 10-µC charge is

1.2× 102 N.

b. The direction of the electric force on the 10-µC charge is
to the right.

2. a. The magnitude of the electric force on the 5.0-µC charge
is 7.9 N.

b. The direction of the electric force on the 5.0-µC charge is
to the left.

3. a. The new magnitude of the electric force is 3.0× 10−4 N.

b. The new magnitude of the electric force is 3.6× 10−3 N.

c. The new magnitude of the electric force is 2.4× 10−3 N.

d. The new magnitude of the electric force is 9.6× 10−3 N.

4. The two electrons are 9.8× 10−6 m apart.

5. A test charge would experience a zero net force at a distance
8 cm from A.

6. C

4.2 Exam questions
1. D

2. The magnitude of the electric force is 4.0× 1010 N.

3. The distance between the two charges is 1.3× 105 m.

4. The value of the unknown charge is 7.1× 1014 C.

5. The electron and the proton should be 1.2× 10−1 m apart.

4.3 The field model for point-like charges

Sample problem 2
The magnitude of the electric field (or electric field strength) is
7.2× 103 N C−1.

Practice problem 2
The magnitude of the electric field (or electric field strength) is
3.00× 105 N C−1. The direction of the field is towards the point
charge (charged negatively).

Sample problem 3
a.

+

b.

+

2 cm

c.

+

2 cm

d.

4 cm

+
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Practice problem 3
a.

–

b.

2 cm

–

c.

2 cm

–

d.

4 cm

–

4.3 Exercise
1. The strength of the electric field is 1.2× 107 V m−1.

2. The strength of the electric field is 5.3× 101 V m−1.

3. a. The strength of the electric field is 1.2× 107 N C−1.

b. The direction of the electric field is upwards.

4. The direction of the electric field is to the left.

5. a. The strength of the electric field is 2.0× 106 N C−1.

b. The direction of the electric field is upwards.

6. D

7. a. The direction of an electric field at any point can only
point in one direction.

b. It depends. If the particle was initially stationary or
moving along the field line (in the same direction), it will
move along the field line.

If the particle is crossing the field line, it will deviate from
its initial direction but it will not follow the field line.

4.3 Exam questions
1. C

2. The direction of the electric field is downwards.

3. The strength of the electric field is 3.7× 108 V m−1.

4. The unknown charge is 2.0× 10−10 C.

5. The strength of the electric field 1.0 N C−1 at a distance of
1.6× 10−5 m.

4.4 Electric fields from more than one
point-like charge

Sample problem 4
a.

–

A B

–

b.

– –

As the charge is positive, it is attracted to the negative
particles A and B, which are directly to the right of the
charge.

c. When the 1.0-nC charge moves past particle A to the right-
hand side, it experiences an attractive force to the left
from particle A and also an attractive force to the right
from particle B. Because the charge is closer to particle A
than particle B, the force acting to the left is stronger than
the force to the right, so the net (or overall) force on the
1.0-nC charge at this point is to the left (but it is smaller in
magnitude than the force it experienced in part b).
As the charge is moved closer to particle B, the magnitude of
the leftward net force decreases to zero at the point halfway
between the two particles. When the charge moves closer to
particle B than particle A, the net force acts to the right and
becomes stronger as the charge moves closer to particle B.

650 ANSWERS



Practice problem 4

A

B

–q +q

a. A positive charge to the left of A would be attracted to the
right towards the negatively charged particle (particle A).
A positive charge to the right of A would be both attracted to
A by particle A and repelled towards A by particle B, so the
force experienced by the charge would be larger, but to
the left.

b. As a positive charge moves along an imaginary line
separating particles A and B, the direction of the force
would always be to the left; however, it would be a minimum
at the halfway point. Either side of the midpoint, the inverse
decline of the strength of the field from one particle would
be less than the increase in the strength of the other particle,
causing the total field strength to increase.

4.4 Exercise
1. a. The direction of the electric field is towards B.

b. The direction of the electric field is towards B.

2.

+–

The field lines point towards the negative charge, and away
from the positive charge. The field lines should never cross.

3.

++ +

4. D

5. a. See table at the bottom of the page*

b. Josh is correct.

Note that solving

(

3.0
x2

= 2.0
(0.15− x)2

)

gives

x= 8.1742 cm.

4.4 Exam questions
1.

– –

2. A

3. The arrow starts at X and points to the left.

4. The overall field is to the right.

5. a.

–

b. The magnitude of the force is 8.4× 10−5 N.

c. The direction of the electric force is to the right.

d. Yes.

4.5 Uniform electric fields

Sample problem 5
a. The magnitude of the force is 3.2× 1018 N.

b. The direction of the force is towards the negative plate.

c. The change in velocity is 6.2× 103 m s−1.

Practice problem 5
a. The magnitude of the force is 1.6× 1018 N.

b. The direction of the force is towards the positive plate.

c. The change in velocity is 1.9× 105 m s−1.

*5. a.
x (cm) 1.0 2.5 5.0 7.5 8.0 8.5 9.0 10.0 12.5 14.0
E
(

NC−1) 2.5× 105 4.2× 104 9.0× 103 1.6× 103 5.4× 102 −5.2× 102 −1.7× 103 −4.5× 103 −2.7× 104 −1.8× 105
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4.5 Exercise
1. The top plate is the positively charged plate.

2.

e–

–––––––

+++

F

E

++++

3. a. The magnitude of the acceleration of the electron is
1.8× 1017 m s−2.

b. It would take 1.7× 10−10 s for the electron to reach 10% of
the speed of light.

c. The electron would travel a distance of 2.5× 10−3 m.

4. a. An expression for the deflection is s= qEl2

2mv2
.

b. The charge required is 8.0× 10−13 C.

5. A, B

4.5 Exam questions
1. B

2. The magnitude of the electric force is 2.0× 10−15 N.

3. The acceleration of an electron is 3.5× 1015 m s−2.

4. C

5. a. The magnitude of the acceleration of the alpha particle is
1.9× 1014 m s−2.

b. The alpha particle travelled 9.5× 105 m.

c. The speed of the alpha particle is 1.9× 105 m s−1.

4.6 Energy and motion of charges in electric
fields and the linear accelerator

Sample problem 6
The strength of the electric field between the plates is
2.0× 103 V m−1.

Practice problem 6
The strength of the electric field between the plates is
2.0× 104 V m−1.

Sample problem 7
a. The change in kinetic energy is 1.6× 10−17 J.
b. The final speed of the electron is 5.9× 106 m s−1.

Practice problem 7
a. The change in kinetic energy is 1.6× 10−16 J.

b. The final speed of the electron is 1.9× 107 m s−1.

Sample problem 8
a. The acceleration experienced by the electron has a

magnitude of 1.8× 1015 m s−2 and its direction is
downwards.

b. The vertical velocity is downwards. Its magnitude is
2.1× 107 m s−1.

Practice problem 8
a. The acceleration experienced by the electron has a

magnitude of 3.6× 1017 m s−2 and its direction is
downwards.

b. The vertical velocity is downwards. Its magnitude is
1.8× 108 m s−1.

4.6 Exercise
1. The distance between the plates is 6.7 m.

2. a. The magnitude of the force would be 4.0× 10−3 N.

b. The magnitude of the electric force is 5.3× 10−3 N.

c. The voltage of the new battery is 180 V.

3. The work done by the electric field is 6.0× 10−10 J.

4. The change in kinetic energy is 3.0× 10−8 J.

5. The potential difference is 1.5× 104 V.

6. a. Position of the electron EPE (J)

i. at the negative plate 1.6× 10−16

ii. halfway between the plates 8.0× 10−17

iii. at the positive plate 0

b. Position of the electron ΔEk (eV)

i. halfway between the plates 500

ii. at the positive plate 1000

7. The electric field strength should be 9.0× 104 V m−1.

8. a. The electrons are accelerated by the electric field
supplied by the 100-V battery.

b. An electron would gain 1.6× 10−17 J of energy.

c. The answer would be unchanged.

d. There would be no difference.

e. The electron would not leave the left plate.

f. The electric field and force would be doubled.

g. The stronger force acts over a shorter distance, achieving
the same gain in kinetic energy (W=F× d).

9. The overall energy per unit charge available from the field
will not change, so the energy of the emitted particles will
not change.

10. B, C

4.6 Exam questions
1. a. The principle is conservation of energy, where the work

done on the charge by the field equals the change in
kinetic energy of the particle.

b. The speed of the electron is 8.4× 106 m s−1.

2. V0 = 1.1 kV

3. A

4. A

5. a. The strength of the electric field between the plates is
1.0× 105 V m−1.

b. The speed of the electrons is 9.4× 107 m s−1.
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4.7 Review

4.7 Review questions
1. The magnitude of the force is 7.9 N.

2. a. The strength of the electric field is 2.0× 106 V m−1.

b. The direction of the electric field is upwards.

3. The strength of the electric field is 1.4× 10−3 V m−1.

4. The distance between the charges would need to be 2
√

2r.

5. a.

+

b. The magnitude of the force is 3.4× 10−3 N.

c. Yes.

6.

+ –

7. a.

+ ++

b.

+

c. The strength of the electric field in the middle would be
0 V m−1.

8. a. The arrow should point upwards.

b. The potential difference is 10 V.

c. The change in kinetic energy is 1.2× 10−18 J.

9. a. The direction of the electric field is perpendicular to the
plates, towards the left plate.

b. The strength of the electric field is 6.7× 104 V m−1.

c. It takes 2.3× 10−9 s.

d. The work done is 3.2× 10−16 J.

e. The change in kinetic energy is 3.2× 10−16 J

f. The change in kinetic energy is 1.6× 10−16 J

g. The electron would not leave the positive plate.

10. No, the energy of the emitted particles will not change.

4.7 Exam questions

Section A — Multiple choice questions
1. B

2. D

3. B

4. B

5. B

6. D

7. D

8. C

9. B

10. A

Section B — Short answer questions
11. a. The sphere will move up.

b. F= 2.1× 10−2 N

12.

13. a. E= 5× 104 V m−1 (or N C−1).

b. The magnitude of the force is 8× 10−15 N.

c. The speed of the electrons is 4.2× 107 m s−1.

14. The arrow starts at X and points to the left.

15. a. F= 8.2× 10−8 N

b. v= 2.2× 106 m s−1

5 Magnetic fields and their
applications
5.2 Magnets and magnetic fields

Sample problem 1
a. X: to the right

Y: to the left
Z: to the right at an angle of approximately 45° upwards

b. In order of increasing field strength: Y, Z, X

Practice problem 1
a. To the left, along the field lines

b. To the right, along the field lines

c. Between the poles of the horseshoe magnet

5.2 Exercise
1. If a permanent magnet attracts a piece of metal, that

metal must be a magnetic material.

2. Both poles can induce a ferromagnetic material, such as an
iron nail, to behave like a magnet, thus both ends can attract
iron nails.

3. The polarity of Earth’s magnetic field at the magnetic pole in
the southern hemisphere is north.
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4. a. Loudspeaker

S N

N

N

N

b. Horseshoe magnet

S N

5. As pieces of ferromagnetic material cool, the magnetic
domains within the material are aligned by Earth’s magnetic
field, thus forming natural permanent magnets.

5.2 Exam questions
1.

N

S

South end of Earth’s

magnet

North end 

of Earth’s magnet

North

South

2. A

3. a. The force between the magnets is repulsive.

b.

SS

4. C

5. a.
S N

S

N

P

b. The magnitude of the combined magnetic field strength is
1.41× 10−2 T.

5.3 Magnetic fields from moving charged
particles

Sample problem 2
a. Into the page

b. Vertically upwards

Practice problem 2
a. Out of the page

b. Out of the page

Sample problem 3

Practice problem 3
The field lines would be the same as in the sample problem, just
with the directions reversed.

Sample problem 4
a. North-east direction

b. 35µT
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Practice problem 4
a. 0.014 T

b. The direction of the resultant field depends on the orientation
of the two magnets and will be at 45° to the initial magnetic
fields (as shown by the green arrows in the following
diagrams).
X X X

5.3 Exercise
1. a. Out of the page

b. Out of the page

c. To the right

2. a. Up the page

b. To the left

c. Diagonally down to the right

d. Into the page

e. Out of the page

3. a. At W, the magnetic field is coming out of the page. At X,
Y and Z, the magnetic field is going into the page.

b. At W and X, the magnetic field is going from left to right.
At Y and Z, the magnetic field is going to the left.

4. Since the iron rods are inside the solenoid, they are induced
to become temporary magnets (when the solenoid has a
current running through it), both with equivalent orientations
of their magnetic poles. Thus, they repel each other because
like poles repel.

5. a. The compass needle direction remains the same.

b. The compass needle points in the opposite direction.

5.3 Exam questions
1. C

2. The current is anti-clockwise.

3.

4. C

5. This mnemonic tool is consistent with the right-hand-grip
rule, and the fact that field lines exit a solenoid from its
north face.
Thus, it can be used to quickly identify, from the direction of
the current when looking at a solenoid’s face, whether it is a
north face or a south face.

5.4 Using magnetic fields to control charged
particles, cyclotrons and mass spectrometers

Sample problem 5
a. 1.4× 10−15 N

b. The direction of the force is up the page.

Practice problem 5
a. 1.9× 10−13 N

b. The force is into the page.

c. There is no force on the positron.

Sample problem 6
5.6× 10−3 m

Practice problem 6
5.3× 105 m s−1

Sample problem 7
1.7× 105 m s−1

Practice problem 7
1.2× 105 N C–1

5.4 Exercise
1. F= 1.9× 10−16 N

2. a. F= 0 N

b. The particle would pass through the magnetic field
undeflected.

3. a. F= 4.6× 10−14 N

b. The electron would experience a magnetic force that is
perpendicular to the direction of its travel according to
the right-hand-slap rule, and thus would be deflected in
that direction.

c. a= 5.1× 1016 m s−2

4. a. Using the right-hand-slap rule, the charge of the tauon is
negative.

b. The particle will move with the same velocity, in a
straight line downwards.

5. a. The magnetic force on the electron is down the page.

b. The magnetic force on the electron is out of the page

c. The magnetic force on the proton is down the page and
right.

6. If its direction is parallel to the direction of the magnetic
field.
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7.

(iii)
(ii)

(i)

B

Ion beam

8. a. r= 0.043 mm

b. r= 78 mm

c. r= 157 mm

9. Magnetic fields control the movement of particles by
separating ions based on their charge and their mass. As
different ions (or isotopes) have different mass to charge
ratios, they have different path radii as they move. This
allows a mass spectrometer to separate ions in a sample
with the aid of a magnetic field.

10. The overall trajectory of the positron will be an anti-
clockwise helix, with the circular motion perpendicular
to the page.

11. B= 0.63 mT

12. v= 1.3× 106 m s−1

5.4 Exam questions
1. The diameter of the semicircular path is 1.9× 10−1 m, or

19 cm.

2. See figure at the bottom of the page*

3. A

4. a. Charge q is negative.

b. The force is constant in magnitude and always at right
angles to the direction of motion, thus the path is circular.

5. The radius of the path is 7.4× 10−1 m.

5.5 Magnetic forces on current-carrying wires

Sample problem 8
6.0× 10−3 Na. 0 Nb.

Practice problem 8
1.25 Na. 2.3 Tb.

5.5 Exercise
1. F= 7× 10−2 N

2. F= 0 N

3. F= 1.4 N

4. a. The direction of the magnetic force is into the page.

b. The direction of the magnetic force is into the page.

c. The direction of the magnetic force is south.

d. The direction of the magnetic force is out of the page.

e. The direction of the magnetic force is north.

f. The direction of the magnetic force is east.

g. The direction of the magnetic force is south-east.

h. The direction of the magnetic force is south.

5. a.

BA, the magnetic field

due to IA 

IA

IB

b. Fon B by A would be up the page according to the
right-hand-slap rule.

c.

BB, the magnetic field

due to IB 

IA

IB

Fon B by A would be down the page according to the
right-hand-slap rule.

d. Yes, Fon B by A =−Fon A by B.

5.5 Exam questions
1. D

2. C

3. a. Draw a downward arrow on side JK.

b. F= 13.5 N

4. a. The magnitude of Earth’s magnetic field is 5.3× 10−5 T.

b. C

5. F= 3.2× 10−3 N up

*2.

positron electron

Figure 1
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5.6 Applying magnetic forces — the DC motor

Sample problem 9
a. i. 1.5× 104 N, down

ii. 0 N

iii. 1.5× 104 N, up

b. Torque is a maximum when the axis of rotation and the line
of action of the force are perpendicular to each other, and the
distance between them is at a maximum. This occurs when
the coil is parallel to the field.

c. Without the commutator, after the loop passes through the
vertical position, the direction of the forces on the coil would
reverse, causing the loop to slow down and then reverse the
direction of rotation. Every time the loop passes through the
vertical position, the direction of the forces reverse again,
causing the loop to slow and reverse the direction of rotation.
The loop would just oscillate around the vertical position.
The commutator enables the direction of current through the
loop to be reversed every time the loop passes through the
vertical position, reversing the direction of the forces so that
the loop can rotate continuously in one direction.

Practice problem 9
a. i. 1.5× 104 N, up

ii. 0 N

iii. 1.5× 104 N, down

b. The only difference is that the coil rotates in the opposite
direction from the coil in the sample problem.

5.6 Exercise
1. a. Provides a magnetic field

b. Enables current to flow from stationary conductors

c. Enables the circuit to switch the direction of the current
within the course of one rotation

d. The more turns there are, the larger the force and the faster
the rotation.

2. a. If the coil is perpendicular to the magnetic field, the
forces on the sides of the coil are collinear, resulting in
no turning force (or torque) on the coil and hence it would
not rotate. This can be overcome by having a second coil
at right angles to the first coil, each coil having its own
section of the split ring commutator.

b. Yes. This can be achieved either by connecting the motor
to an AC power supply or by replacing the split ring
commutator with a slip ring commutator.

c. Yes. This can be achieved by either increasing the voltage
of the DC power supply and thereby increasing the current
and turning force on the coil.

3. No. The motor would just run backwards and forwards.

4. The two sides of the loop form a parallel circuit supplied by
the battery. The current flowing through the loop interacts
with the field of the button magnet to create a torque on the
loop. As the loop rotates, the direction of the torque is the
same, so the loop rotates continuously.

5. a. The field coils (electromagnet) and the armature coils
(rotating) may be connected in series to each other or in
parallel to each other.

b. The series-wound motor produces a large starting torque
(turning force), making it ideal as motors for trains and
trams. The parallel-wound motor can regulate its speed
over a range of loads, making it ideal for power tools.

6. D

7. C

5.6 Exam questions
1. a. The current flows from K to L (right-hand-slap rule)

b. The current is flowing from L to K.

c. The magnitude of the current in the coil is 3 A.

2. a. F= 4.0× 10−3 N

b. A split ring commutator is a device that reverses the
direction of the current flowing through an electric circuit.
It is used in a DC motor to reverse the direction of current
every half turn, ensuring that the motor continues rotating
in the same direction.

3. The coil starts to rotate clockwise.

4. a. F= 0.90 N
The direction is vertically down (D)

b. The force is 0 N as the current is parallel to the magnetic
field.

5. a. A, B

b. When the coil is horizontal
When the force is at right-angles to the plane of the coil

c. Both A and B, as F= nIlB

5.7 Similarities and differences between
gravitational, electric and magnetic fields

Sample problem 10
Similarities:
1. The gravitational field generated from a point mass and the

electric field generated from a positive charge both obey an
inverse square law.

2. The gravitational field and electric field are both non-uniform
and static.

3. The point mass and positive charge can both be described as
monopoles.

Differences:
1. The direction of the gravitational field is inwards towards

the point mass, whereas the electric field generated from a
positive charge is outwards, away from the point charge.

2. The gravitational field is attractive for all other masses,
whereas the electric field generated from a positive charge
repels other positive charges and attracts negative charges.

Practice problem 10
The electric field from an electric dipole and the magnetic field
from a bar magnet or solenoid have very similar overall shapes.
The key differences are as follows:
1. For a bar magnet, there are no field lines inside the magnet

between the poles.

2. All the magnetic field lines must form closed loops so that
all field lines must eventually loop back to pass through the
solenoid from the other side.
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3. In the electric dipole, the direction of the field lines change
sign as they pass through the poles. This is not the case for
magnetic field lines, and it is not possible to isolate points in
space as ‘the north pole’ or ‘the south pole’.

5.7 Exercise
1. Repulsion and attraction were both observed.

2. Similarities: the inverse square law exists, proportional to
the product of a property of the objects (a consequence of
Newton’s Third Law).

Difference: mass cannot be positive or negative, whereas
charge can.

3. A uniform magnetic field is found inside a solenoid, whereas
the field outside the solenoid is non-uniform, as illustrated
below.

I

4. The overall field shapes are similar; however, the magnetic
field lines all form closed loops, and, unlike the positive
charges, the north poles cannot be isolated to single points.

+ + S N SN

5. Fg = 3.61× 10−47 N

Fe = 8.1× 10−8 N
The electric force is 39 orders of magnitude greater than
the gravitational force; therefore, the gravitational force of
attraction has virtually no influence on the motion of the
electron and proton in a hydrogen atom.

6. 1.0× 10−7 N C−1

7. E= 6.1× 1010 N m−1

8. q= 5.7× 1013 C

9. l= 5.0 A

5.7 Exam questions
1. C

2. D

3. This diagram could correspond to the gravitational field of a
point mass, or the electric field of a negatively charged point
charge.

4. Noah is correct. This field shape could correspond to
the gravitational field near the surface of Earth, it could
correspond to the electric field between two positively
and negatively charged conducting plates, and it could
correspond to the magnetic field inside a large solenoid (or
between the arms of a large horseshoe magnet).

5. Magnetic fields can also be created by moving charges, not
just by magnetic materials.

5.8 Review

5.8 Review questions
1. a.

P QX

I

b. The field from the wire at P is 20µT, in the same
direction as Earth’s magnetic field, so the total magnetic
field strength is 30µT pointing up the page. The field
from the wire at Q is 20µT in the opposite direction to
Earth’s magnetic field, so the total magnetic field strength
is 10µT pointing down the page.

2. The field from an electric dipole and the magnetic field
from a solenoid have a very similar overall shape. The key
differences are (i) all the magnetic field lines must form
closed loops so that all field lines must eventually loop back
to pass through the solenoid from the other side.
(ii) In the electric dipole, the direction of the field lines
change sign as they pass through the poles. This is not the
case for magnetic field lines, and it is not possible to isolate
a point in space as ‘the north pole’ or ‘the south pole’.

+ –

I

3. Data
set Gravitational Electric Magnetic

Field A Surface of
Earth

Between +ve
and
–ve charged
conducting
plate

Inside large
solenoid

Field B Earth −ve point
charge

Not possible

Field C Not possible –ve and +ve
charge,
electric
dipole

Not possible
(similar to
electric
dipole, but
not identical)
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4. a. 2.0× 10−13 N

b. 2.2× 1017 m s−2

c. 1.2× 1014 m s−2

5. When the ionisation track appears, the net force on the
particle, which is a negative particle, is upwards, so the
magnetic field experienced is out of the page.

6. 6.3 mT, perpendicular to the momentum of the electrons

7. a. 3.3× 105 m s−1

b. 5.3× 10−14 N

c. 0.025 m

8. a. At P, the magnetic field from Q is out of the page, which
is indicated by a dot.

b. At Q, the force on the right-hand wire is to the right.

c. Forces are in opposite directions, so the wires repel each
other.

9. a. F = nIlB= 50× 3.0× 0.15× 0.030= 0.68 N
b. The arrow should be pointing vertically upwards.

c. If the polarity of the DC supply is reversed, then current
initially flows in the opposite direction through the loop,
so the direction of rotation of the loop is reversed.

d. For the motor to spin continuously, the split in the ring of
the commutator needs to be perpendicular to the direction
of the magnetic field.
This means that the change in current direction in the
loop occurs when the loop is perpendicular to the field, or
vertical in the diagram shown.
If the change in current direction does not occur, then
as the loop moves past the vertical, the direction of the
torque on the loop changes so that the loop is slowed, and
it starts to rotate in the opposite direction. This will be
the case if the commutator is attached with the split in the
ring significantly altered from being perpendicular to the
vertical.

10. Yes. Since the direction of the conventional current for
electrons is opposite to that for positively charged particles,
the force of the magnetic field is directed upwards. This
force is balanced by the electric force on the electrons,
which is directed downwards.

5.8 Exam questions

Section A — Multiple choice questions
1. A

2. A

3. C

4. B

5. A

6. B

7. A

8. A

9. B

10. D

Section B — Short answer questions
11. a. The magnetic force acting on the electron is always

perpendicular to the electron’s velocity and has a
constant magnitude.

b. The radius is 4.6× 10−2 m.

12. a. Draw a downward arrow on the side JK of the coil.

b. The role of the split ring commutator is to reverse the
direction of the current every half turn to maintain a
constant direction of rotation.

13. See figure at the bottom of the page*

14.

Field type
Monopoles

only
Dipoles
only

Both
monopoles
and dipoles

Gravitation ✓
Magnetism ✓
Electricity ✓

15. a.
E

B

b. v0 = 2.0× 106 m s−1

c. i. They would arrive at point Z.

ii. If v0 increases, then the radius of the path and the
magnitude of the magnetic force on the electron both
increase, and the electron is more deviated.

Using the right-hand-slap rule, the force is upwards
for a positively charged particle and downwards for
negatively charged particle.

Thus the electron is more deviated downwards.

Unit 3 | Area of Study 2 review
Section A — Multiple choice questions
1. A

2. A

3. B

4. D

5. C

6. B

7. A

8. C

*13.

SS N N
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9. B

10. C

11. C

12. D

13. C

14. A

15. B

16. B

17. B

18. B

19. B

20. C

Section B — Short answer questions
21. a. 1.36 N kg−1

b. 1.64× 105 s

c. 5.64× 1026 kg

d. 5.55× 103 m s−1

22. a. 800 V m−1

b. 1.37× 1014 m s−2

c. 1.92× 10−17 J

d. 6.50× 106 m s−1

23. a. Out of the page, or from K to J

b. 0.32 T

c. Answers will vary. Sample response:
The coil will rotate clockwise to a vertical position and
stop moving. This is because the magnetic force on the
side JK is upward, and the magnetic force on the side
LM is downward, and the forces do not impart a twisting
motion to the coil to cause it to rotate.

d. 6.9 cm

6 Generation of electricity
6.2 BACKGROUND KNOWLEDGE Generating
voltage and current with a magnetic field

Sample problem 1
5.0 mV

Practice problem 1
80 m s–1

6.2 Exercise
1. 14 mV

2. 0.823 m s–1

3. 0.83 m

4. 0 V

5. 10 T

6.2 Exam questions
1. 0.92 V

2. The energy came from the loss of gravitational potential
energy as the rod is falling.

3. When the rod falls faster, a higher voltage difference is
created between the two ends of the rod.

4. 0.002 V

5. 5× 10−4 V

6. a. 6000 m

b. 3 × 107 m2

6.3 Magnetic flux

Sample problem 2
a. 0.015 Wb

b. 0.004 Wb

c. 0 Wb

Practice problem 2
0.000 54 Wb

6.3 Exercise
1. Magnetic flux is the amount of magnetic field across an

area, and is the product of the magnetic field strength and
the perpendicular cross-sectional area.

2. a. 0.15 Wb

b. 1.8× 10−4 Wb

c. 7.1× 10−3 Wb

3. a. 0 Wb

b. 7.5× 10−5 Wb

Φ

c.

4. 17.5 Wb

5. 3.4× 10−4 Wb

6. a. 3.0 T b. 0.8 m2

7. 2.0× 10−5 Wb

8. a. 1.2× 10−4 Wb

b. 6.8× 10−4 Wb

c. 0 Wb
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6.3 Exam questions
1. B

2. 1.7 T

3. 3.0× 10−5 Wb

4.

P
0

Q R S

Figure 23b

x

flux

(ΦB)

5. B

6.4 Generating emf from a changing magnetic
flux

Sample problem 3
a. −0.025 V

b. The induced current must flow in an anticlockwise direction
around the loop.

c. 0.05 A

Practice problem 3
a. 0.0184 V

b. The current must be travelling in the anticlockwise direction.

c. 0.46 A

6.4 Exercise
1. Increasing the number of turns increases the magnetic flux

through the coils by increasing the cross-sectional area.

2. Clockwise around the loop

3. a. The flux from the induced current would be out of the
page and would be anticlockwise around the top loop.

b. No

c. Yes

4. a. An anticlockwise current is produced.

b. Yes, a clockwise current would be produced.

5. a. Yes, there is an induced current, which is anticlockwise
around the loop.

b. Yes, there is an induced current, which is anticlockwise
around the loop.

c. No, there is no induced current.

d. No, there is no induced current.

6. a. 0.0157 V

b. 17 V

c. 38 V

7. a. 4.0 mA

b. 0.54 A

c. 0.2 A

8. 3000 V

9. a. i. Anticlockwise current viewed from above.

ii. No current in the loop.

iii. No current in the loop.

b. l

t

c. From the loss of gravitational potential energy.

d. The two areas under the graph — one above the x-axis
and the other below the x-axis — would cancel each
other out.

10. 0.024 C

11. The passing magnet would induce an emf in both loops; that
is, the electrons inside the metal loop as well as the plastic
loop would experience a magnetic force from the passing
magnet. However, since plastic is an insulator, no current
would flow in the plastic loop, in contrast to the metal loop.

12. As the north end of the magnet approaches the loop of
conducting wire, it would induce a current in the loop. If
Lenz’s Law is reversed, the induced current would have
a magnetic field that attracts the north end of the magnet.
The magnet would accelerate and gain kinetic energy from
nothing, hence violating the principle of the conservation of
energy.

13. a. A current will flow to induce a N pole at the left end of
the coil. Right-hand rule: thumb points to the left, fingers
show the direction of current in the coil. Current flows in
the direction of X to Y.

b. There is no change in magnetic flux through the coil so
no current is induced.

c. Any two answers from the following:
• Move the magnet faster
• Have more turns on the coil
• Use a stronger magnet
• Use a smaller resistance

6.4 Exam questions
1. a. The magnetic flux through the coil will decrease.

b. The loop experiences a decrease in flux into the page.
Lenz’s Law states that the induced current will produce
an increasing flux into the page. Using the right-hand grip
rule, the induced current will flow clockwise around the
loop.

c. From Figure 6a to Figure 6b, the loop is experiencing an
increasing flux into the page. Applying the right-hand
grip rule, the induced current will flow anticlockwise
around the loop. From Figure 6b to Figure 6c, the loop
is experiencing a decreasing flux into the page. Applying
the right-hand grip rule, the induced current will flow
clockwise around the loop.
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2. See table at the bottom of the page*

3. a. The current will be clockwise.

b. 1.5× 10−4 m2

c. See figure at the bottom of the page**

4. a.

0

Φ
B

x

b.

0

EMF

x

c. 4.0× 10−5 V

d. The current will flow in an anticlockwise direction.

*2.

Movement Possible EMF

Direction of any induced current
(alternating/clockwise/anticlockwise/no
current)

A
rotation about x-axis

EMF (V)

time (s)

Alternating

B
moving from Position
1 to Position 2

EMF (V)

time (s)

No current

C
moving from
Position 2 to Position
3

EMF (V)

time (s)

Clockwise

**3. c.

t (s)

Required line

EMF (V)
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5. a. 𝜀 = 6.4× 10−4 V

b. See figure at the bottom of the page*

6.5 Generators and alternators

6.5 Exercise
1. a. Φ= 7.5× 10−2 Wb

b. 𝜀 = 0.15 V

c. The period is doubled and the amplitude is halved. See
figure at the bottom of the page**

2. 9.0 × 10–4 Wba. 1.9 × 102 sb.

3. a. Current increases

b. Current decreases

c. Current increases

4. a. From Q to P (using the right-hand grip rule for coils)

b.

0

0

ΦB

t

emf

t

*5. b.

loop outside

field

loop entering

field

loop inside

field

loop leaving

field

loop outside

field

time

EMF

loop at

position X

loop at

position Y
**1. c.

t

emf
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6.5 Exam questions
1. B= 2.0× 10−2 Ta. 𝜀 = 2.4 Vb.

2. a. Draw a downwards arrow on the side JK of the coil.

b. The role of the split ring commutator is to reverse the
direction of the current every half revolution to maintain a
constant direction of rotation.

3. a. Alternator

b. i. 0 Wb

ii. The plane of the loop is parallel to the magnetic field.
Therefore, no magnetic field lines pass through the loop.

c. 0.05 seconds

d. 0.05 Wb

e. 4 V
f. One of the following:

• increasing the rate of rotation of the loop
• increasing the number of loops
• increasing the strength of the magnetic field
• increasing the area of the loop

g. Changing the slip rings to a split ring commutator rectifies
the output, making the EMF output only one sign (e.g.
positive). See figure at the bottom of the page*

4. a. F= 4.0× 10−3 N

b. Answers will vary.
A split ring commutator is a device used in a DC motor to
reverse the coil’s current direction every half revolution
of the loop so that the direction of the current flowing
through the external circuit remains the same. The
alternating current in the loop is thus converted into direct
current.

5. a. Clockwise (using the right-hand-slap rule for instance).

b. The motor would not function anymore as the loop would

only rotate
1

4
of a turn before stopping.

6.6 Photovoltaic cells

6.6 Exercise
1. A photovoltaic cell is a device that transforms

electromagnetic energy, such as light from the Sun, directly
into electrical energy.

2. PV panels produce DC voltage. It must be transformed into
230 V AC for use in buildings.

3. If photons have enough energy, they cause electrons to be
removed from atoms in the cell.
If the photons striking a solar cell do not have enough
energy, their energy is transformed into thermal energy and
the solar cell heats up.

4. The n-type layer releases an electron when it absorbs energy
from a photon that has enough energy. The electron drifts
across the junction to fill in the ‘positive holes’ of the p-type
layer, generating an electric current.

5. B. False.

6.6 Exam questions
1. Photons from the Sun strike the solar cell. If the photons

have enough energy, it will remove an electron from the
n-type layer. This electron will then travel across the junction
(boundary layer) to fill in the positive holes of the p-type
layer, resulting in the generation of an electric current, which
can then turn on the light bulb.

2. This doping process is important because it is what allows
electricity to be generated between the n-type and p-type
layer when the cell is struck by the photons.

3. B

4. In series, this will provide a total voltage output of 80 V,
while keeping the amperage low, given current is shared in a
series circuit.

5. No, you would not be able to use electrical appliances in
your home. The reason is that these appliances require an
alternating current (AC) operating on a 230 V supply voltage.

6.7 Review

6.7 Review questions
1. The current that is induced by the change in flux as the

magnet approaches the tube will create a field to oppose
this change. Therefore, the tube will have a south pole at the
end near A and a north pole at the end near B.
a. At Point A there will be a repulsive force.

b. At Point B there will be an attractive force.

2. 10.24 V

*3. g. V (volts)

time
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3. 2× 10−5 Wb

4.
20B

3t
V

5. 1.5× 10−3 V

6. An advantage of using photovoltaic cells as an energy source
is that:
– sunlight is free
– excess energy can be stored in a battery or sold back to

the grid
– no carbon emissions and quiet to run
– it is not reliant on fossil fuels

A disadvantage of using photovoltaic cells is that:
– they can only generate electricity on sunny days
– to generate the maximum amount of electricity, they must

face a certain direction
– they can be easily damaged
– they can be costly to install
– they have low efficiency.

7. a. 5.625× 10−6 Wb

b. Ninety degrees about the horizontal axis will render the
coil parallel to the magnetic field and thus there will be
zero flux threading the coil.

c. 1.125× 10−5 V

8. a. 5.71× 10−3 m2

b. 0.16 V

c.

t

y = Φ

y = emf

y

d. • increase the rate of rotation.
• Increase the number of coils that create the loop.
• Increase the magnetic field strength.
• Increase the size of the coil.

9. a. 0.25 Wb

b. 1.6 V

c.

e
m

f

tt1 t2

10. a. The induced voltage can be thought of as the negative
rate of change of flux.
Given the flux is being reduced by a constant amount
until it reaches zero, it is expected that the voltage will
be constant and positive as it seen in the graph in the
question.

b. 3.53× 10−3 m2

6.7 Exam questions

Section A — Multiple choice questions
1. C

2. C

3. D

4. A

5. D

6. D

7. C

8. C

9. D

10. A

Section B — Short answer questions
11. a. Anticlockwise.

The loop is travelling down near the north pole of the
magnet and the magnetic force is to the left. Using the
right-hand-slap rule, the induced current is into the
page, which means the induced current will continue
anticlockwise around the loop.

b. 𝜀 =−7× 10−5 V

c. See figure at the bottom of the page*

d. • increase field strength
• increase the number of coils
• increase the area of coil
• increase the rotation rate or decrease period of

rotation.

*11. c. EMF

0.02 0.04

t
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12. See figure at the bottom of the page*

13. a. The slip rings maintain a continuous electrical
connection with the spinning loop and are used when
an AC output is required.

b. Φ= 1.2× 10−4 Wb

c. f= 5 Hz

d. See figure at the bottom of the page**

14. a. 𝜀 = 0.080 V

b. See figure at the bottom of the page***

15. a. F= 5× 10−4 N

b. Using a rule such as the right-hand-slap rule shows that
the side WX will be forced down while the side YZ will
be forced upwards resulting in anticlockwise rotation.

c. The role of a split ring commutator is to reverse the coil’s
current direction every half revolution of the loop so that
the direction of the current flowing through the external
circuit remains the same. The alternating current in the
loop is thus converted into direct current.

7 Transmission of electricity
7.2 Peak, RMS and peak-to-peak voltages

Sample problem 1
18 V

Practice problem 1
IRMS = 7.83 A to 3 s.f.
Ipeak = 11.07 A to 3 s.f.
7.2 Exercise
1. 8.9 V

2. 30 msa. 33.3 Hzb.
50 mVc. 100 mVd.
35 mVe.

3. 0.83 m

*12.

0.05 0.10

V(mV)

t (s)

**13. d.

10

ε (mV)

8

6

4

2

0.2 0.3 0.4

t (s)0

–2

–4

–6

–8

–10

0.1

***14. b.

0.40.30.20.1
0

V (volts)

t (seconds)
0.5 0.6 0.7 0.8 0.9 1.0
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7.2 Exam questions
1. 2.5 V

2. 25 Hz

3. 25 Hz

4. A

5. 12.5 Hz

7.3 Transformers

Sample problem 2
a. I= 0.435 A

b. R= 529 Ω

c. R≈ 529 Ωi. 230 Vii.

d. R≈ 2729 Ωi. 44.6 Vii.

e. The globe would not light up.

Practice problem 2
a. 3.48 A

b. 66.1 Ω

c. 66.1 Ωi. ≈ 230 Vii.

d. 766 Ωi. 19.8 Vii.

e. The toaster would not operate properly.

Sample problem 3
The secondary coil consists of approximately 10 turns.

Practice problem 3
The turns ratio is 1:20, making this transformer a step-up
transformer.

7.3 Exercise
1. 4600 V

2. 4.6 Va. 450 Vb.

3. 960 turnsa. 8 Ab. 0.4 Ac.

4. A transformer requires a changing magnetic flux in order
to work; thus, a transformer will not work with a DC input
voltage, which produces a constant magnetic flux.

5. This allows the magnetic field to change direction quickly as
the current changes direction.

6. Step-down transformera. 46 turnsb.

7. a. 135 V

b. 41 W

c. 0.68 A

7.3 Exam questions
1. D

2. a. 17 V

b. 20 : 1

c. 3.8 mA

3. B

4. C

5. 9.55 x 103 V

7.4 Power distribution and transmission
line losses

Sample problem 4
a. i. The current through the cables is 50.0 A.

ii. The voltage drop across the cables is 250 V.

iii. 62.5%

iv. 150 V

b. i. 2.50 A

ii. 12.5 V

iii. 0.156%

iv. 400 V

Practice problem 4
a. i. 200 A

ii. 40.0 V

iii. 16.0%

iv. 210 V

b. i. 20.0 A

ii. 4.00 V

iii. 0.160%

iv. 250 V

7.4 Exercise
1. a. 200 A

b. 12 kW

c. 60 V

d. 190 V

e. i. 30 W

ii. 3.0 V

iii. 250 V

2. a. 5.8Ω
b. 5.6Ω
c. 222 V
d. 2.7Ωi. 1.8Ωii.

87 Aiii. 127 Aiv.

e. 25 Vi. 205 Vii.

f. Yes, the voltage will be within 1% of 230 V for the
appliances to work properly.

g. When the workshop is turned off, it does not draw any
current on the transmission line, resulting in a lower
transmission line current and therefore a lower voltage
drop across the transmission line. This increases the
voltage at the primary side of the step-down transformer,
and therefore a higher voltage at the house.

3. a. 667 A

b. 180 kW

c. 270 V

d. Voltage = 330 kV
Power = 220 MW

4. a. 25%

b. The power loss in transmission would decrease from 25%
to 0.25%.
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7.4 Exam questions

1. a.
NP

NS

= 30 ∶ 1

b. Due to the error in the wording of the question, either
0.35 A or 10.5 A were accepted.

2. a. Ploss = 160 W

b. Vin = 320 VRMS

c. Ploss = 2.5 W

3. 48 Wa. 40 Vb. 72 Wc.
18 Wd. Answers will vary.e.

4. a. 120 kW

b. A factor of 4 increase

5. 36 Wa. 4.5 Vb.
20 Wc. Answers will vary.d.
Answers will vary.e.

7.5 Review

7.5 Review questions
1. 1.5Ωa. 8.5 Vb.

2. 400a. 0.17 Ab.

3. 4200 V

4.
N2

N1

= 5

1

5. a. 400 turns

b. 1.4 W

c. i. The power at the input to the primary coil is the same as
the power at the globe: 6.0 W.

ii. 7.4 W

d. The globe would not glow.

6. 0.15 A

7. 2000 turnsa. 50 Ab.

1.0× 104 Wc. 8.2× 103 Vd.

7.5 Exam questions

Section A — Multiple choice questions
1. B or D

Due to the wording of the question, both 1.1× 104 mA and
0.086 mA were accepted.

2. D

3. B

4. D

5. C

6. A

7. A

8. C

9. A

10. B

Section B — Short answer questions
11. a. Stepping up the voltage allows the current to be reduced

while maintaining constant power

b. 1.0 kA

c. 30 MW

12. a. The brightness of the globe will be decreased. Students
could then refer to reduced current, increased voltage
drop in the cables or increased power lost in the cables.

b. The independent variable is the resistance of the cables.
The dependent variable is the current in the cables.

c. r= 24

I
−R

d. Answers will vary.

e. Answers will vary.

f. The correct value is 7Ω.

13. a. 12 W

b. 0.8 A

c. Ploss = I2R, so less current will mean less power loss.

14. a. An ideal transformer is one where no power is lost, that
is, Pprimary =Psecondary.

b.
Np

Ns

= 20

1

c. P= 24 W

d. Vglobe = 10 V

e. • There is less power delivered to Light 1 compared to
Light 2.

• Power is lost along the transmission lines.
• The observed brightness is proportional to the

delivered power.

15. a. P= 41.5 kW

b. No, the power supplied, 21.5 kW, is less than the 40 kW
required.

c. Pdelivered = 41.3 kW

Unit 3 | Area of Study 3 review
Section A — Multiple choice questions
1. A

2. C

3. D

4. C

5. A

6. B

7. B

8. D

9. B

10. D

11. C

668 ANSWERS



12. D

13. C

14. B

15. B

16. B

17. B

18. B

19. D

20. B

Section B — Short answer questions
21. a. X to Y.

b. When the magnet is stationary there is no change of
flux through the coil, thus no EMF and no current is
generated.

c. Answers will vary, see worked solution.

22. a. The magnitude of the flux is 9.0× 10−4 Wb.

b. From P to Q

c. The interval is 1.1 s.

23. a. The secondary coil has 375 turns.

b. The current is 0.8 A.

c. The power loss is 5.6%.

24. a.
Nprimary

Nsecondary

=1 ∶ 40

b. The maximum power is 240 W.

c. The maximum current is 40 A

8 Light as a wave
8.2 Light as a wave

Sample problem 1
3.4× 102 m s−1

Practice problem 1
340 m s−1

Sample problem 2
0.609 m

Practice problem 2
335 m s−1

Sample problem 3
a. T= 1.79× 10−15 s

b. 𝜆= 5.36× 102 nm

Practice problem 3
T= 1.50× 10−15 s

8.2 Exercise
1. a. 1.33 m

b. 3.91 m s

c. 2.94 s

2.
v (ms−1) f (Hz) 𝜆 (m)

335 500 0.67

300 12 25

1500 5000 0.30

60 24 2.5

340 1000 0.34

260 440 0.59

3. a. f= 10 Hz, T= 0.1 s

b. 𝜈= 0.26 m s−1

c. The speed remains the same, the wavelength is halved.
4. 2.1× 10−15 seconds

5. 3.0 cm to 0.30 mm (fractions of a millimetre to a few
centimetres)

6. f = 1.1× 1019 Hz

T = 9.0× 10−20 s

7. 50 Hza. 6.0× 106 mb.

8. 4.6× 10−7 ma. 3.1× 10−7 mb. 4.8× 107 Hzc.

9. Both electric and magnetic fields are static about the charge.
If the charge changes direction or accelerates in a straight
line, a ripple is created in both fields, which is associated
with an electromagnetic wave: all accelerated charged
particles produce electromagnetic radiation consistent with
Maxwell’s model for electromagnetic waves.

8.2 Exam questions
1. A

2. C

3. See figure at the bottom of the page*

4. 2.92 m s−1

*3.

B field

E field

speed of light

wavelength
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5. a. 20 Hz

b. See figure at the bottom of the page*

c. Assuming that the velocity will remain the same, the
wavelength will get shorter.

8.3 Interference, resonance and standing waves

Sample problem 4
a. 4 nodes

b. 3 antinodes

c. 3rd harmonic

d. 𝜆= 1.0 m

e. T= 1

4.2 ≈ 0.24 s

f. 4.2 m s−1

g. f1 = 1.4 Hz and 𝜆1 = 3.0 m

Practice problem 4
a. f1 = 2.0 Hz, f2 = 4.0 Hz and f3 = 6.0 Hz

b. 𝜆1 = 3.0 m, 𝜆2 = 1.5 m and 𝜆3 = 1.0 m

8.3 Exercise
1. a. Diagram C b. Diagrams A and B

2. Superposition is the addition of the amplitudes of two or
more wave disturbances at a point in space and time. It
occurs whenever there is a disturbance arising from two or
more sources of waves.

3. Constructive interference occurs when two or more wave
disturbances superimpose (add together) to give a resultant
amplitude larger than the amplitudes of either wave.

4. a.

b.

c.

5. 1.5 m

6. a.
t = 0.05 s

b.
t = 0.1 s

c.
t = 0.2 s

d.
t = 0.4 s

7. a. Constructive interference

b. 1.0 m

c. 330 m s–1

8. a. 4.8 m s–1 b. 0.60 m c. 0.20 m d. 8

9. a. 6.0 m s–1 b. 1.2 m c. 0.08 m d. 5

10. f1 = 406 Hz, f2 = 813 Hz, f3 = 1219 Hz

8.3 Exam questions
1. a. 400 m s−1

b.

2. a. 5.3 m b. No

3. a.

b. 𝜆= 1.84 m

c. f= 122 Hz

4. 8.0 ma. 60 Hzb.

5. • Waves travelling along the string are reflected at each end.
• These waves, travelling in opposite directions, combine

constructively and destructively to produce an interference
pattern of antinodes and nodes.

• The diagram below shows two waves at a moment when
they destructively interfere to produce a straight horizontal
line.

*5. b. direction of travel

Required line

0.10 m
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8.4 Diffraction of light

Sample problem 5

For radio waves, the ratio
𝜆
w
= 300

30
= 10, much greater than 1

For microwaves, the ratio
𝜆
w
= 0.003

30
= 1.0× 10−4, much lower

than 1

There will be little shadow behind the building using radio
waves (large diffraction spread) but a shadow behind the
building when using microwaves (small diffraction spread).

Practice problem 5

a. 𝜆= 3.0× 108

6.0× 1011
= 5.0× 10−4 m for the microwaves and

𝜆= 3.0× 108

1.5× 1013
= 2.0× 10−5 m for the infrared. The

microwaves have a much larger wavelength compared
to the infrared and would be expected to diffract more

readily. If the narrow slit was 5.0 × 10−4 m then
𝜆
w
= 1 for

the microwaves whereas
𝜆
w
= 0.04 for the infrared source

indicating little significant diffraction.

b. To observe diffraction effects using the infrared source,
the slit should be narrowed so that w is comparable to the
wavelength 2.0 × 10−5 m.

8.4 Exercise
1. Evidence for light being a type of wave

2. a. As 𝜆 decreases, the amount of diffraction decreases.

b. As 𝜆 increases, the amount of diffraction increases.

c. As w decreases, the amount of diffraction increases.

d. As w increases the amount of diffraction decreases.

3. a. The first minimum occurs where the path difference for
light rays travelling from different places on the opening

reaches
𝜆
2

. This will be a region where the intensity of the

light will be diminished due to destructive interference.

b.

Red light

Blue light

c. Red light

Blue light

4. a. Diffraction depends on the wavelength or colour of light.
White light is a mixture of the different colours in the
spectrum, so when it diffracts while passing through a
small slit, the colours that make up the white light form
slightly different diffraction patterns.

b. The positions of the minima are given by sin𝜃= 𝜆
w

. The

red end of the spectrum has the longest wavelengths;
therefore, 𝜃 for any minimum occurs at a greater angle
than for blue light and other parts of the visible spectrum.

5. a. A blurred edge is evidence of diffraction and hence the
wavelike nature of light.

b. Red light has a longer wavelength compared to green
light and so the pattern would reveal more significant
diffraction; the edge of the shadow would be more blurry
(less sharp).

c. With a smaller object, the degree of diffraction observed
would be more significant than before; the edge of the
shadow would be less sharp.

8.4 Exam questions
1. a. To form a diffraction pattern the mesh must have tiny gaps

for the light to pass through.

b. The
𝜆𝜔 ratio is now much smaller, thus there will be much

less diffraction.

2. Diffraction depends on the ratio:
𝜆𝜔 . If this ratio is close to 1

then diffraction is most obvious.

At 10 000 Hz,
𝜆𝜔 << 1 so diffraction is minimal, whereas at

100 Hz,
𝜆𝜔 > 1, the diffraction is significant.

3. B

4. If the wavelength increases, the width of the pattern also
increases.

5. D

8.5 Interference of light

Sample problem 6
a. 9.00 m b. 9.50 m

Practice problem 6
a. 8.00 m b. 8.50 m

Sample problem 7
a. 1920 nm

b. 910 nm

c. With purple light (smaller wavelength than red light), the
pattern becomes more compact or compressed as the distance
between the bands decreases.

Practice problem 7
a. Path difference for point A: 795 nm

Path difference for point B: 1060 nm

b. The pattern will compress.
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c. The pattern will be red and will dilate.

d. The pattern is indicative of superposition of coherent waves
and only wavelike sources produce such a pattern.

Sample problem 8
1.77 nm

Practice problem 8
a. 650 nm

b. red light

c. The pattern would be blue and compressed by moving the
screen further away from the slits.

d. The line spacing could be made easier to measure if the
screen was moved further from the pair of slits.

8.5 Exercise
1. a. Young’s experiment clearly demonstrates the interference

of light passing through two narrow closely spaced slits.
This is strong evidence for the wavelike nature of light.

b. An interference pattern consists of evenly spaced bright
and dark fringes. Bright fringes are produced by the
constructive interference of light passing through each
slit. This constructive interference occurs when the path
difference is 0, 𝜆, 2𝜆, 3𝜆 and so on. Dark fringes are
produced by the destructive interference of light passing
through each slit. This destructive interference occurs

when the path difference is
𝜆
2
, 3𝜆

2
, 5𝜆

2
and so on.

2. a. Evidence of the wave nature of light

b. Constructive interference

c. 0 nm

d. 1060 nm

e. 265 nm, 795 nm and 1325 nm

f. 2 dark fringes

3. a. i. The bright band corresponds to constructive
interference, where crests from the light waves coming
through the two slits arrive together, and troughs in the
light waves arrive together.

ii. The dark band is where destructive interference occurs.
At all times, the sum of the waves from the two slits is
zero, with the crests from one slit coinciding with the
troughs from the other.

b. i. 0. The light rays are equidistant from the slits.

ii.
𝜆
2
= 317 nm

iii. 2𝜆= 1266 nm

c. The wavelength is smaller, so the bright fringes in the
interference pattern would be closer together. As the
path difference for the bright fringes equals n𝜆, a smaller
wavelength means that each bright fringe would be closer
to the central bright band.

d. The increase in distance between the slits would result in
the bright bands being closer together.

e. Moving the screen further away would result in the
interference pattern spreading out, increasing the distance
between the bright bands.

4. a. n× 1.06 µm, n= 0, 1, 2, 3, …
b.

(

n− 1

2

)× 1.06 µm, n= 1, 2, 3, …
5. 2.58× 10−3 m

6. a. 670 nm

b. The distance between adjacent fringes increases to 2.5 cm

7. 450 nm

8.5 Exam questions
1. C

2. a. The point C is bright because the path difference is zero
resulting in constructive interference.

The dark band to the left of C has a path difference of
𝜆
2

,

which results in destructive interference.

b. The experiment demonstrates interference. Interference is
a wave phenomenon.

c. 𝜔= 0.01 m

3. a. The bright fringe in question is the fourth bright fringe
so the path difference is four wavelengths. The fact that
the fringe is a bright fringe indicates that constructive
interference is occurring.

b. 630 nm

4. a. At point C, the path difference is zero, therefore there will
be large waves (constructive interference).

b. 𝜆= 6 m

5. a. S1X− S2X= 4.5 cm

b. Young’s experiment demonstrated interference,
interference is a property of waves, therefore, Young’s
experiment supports the wave model of light.

8.6 Review

8.6 Review questions
1. a. 0.50 s

b. 1.3 m

c. The wavelength decreases, the speed is unchanged

2. a. 1.08× 10−3 s b. 0.370 m

3. a. Blue light: 4.6× 10−7 m
Yellow light: 5.8× 10−7 m

b. Blue light: T= 1.5× 10−15 s
Yellow light: T= 1.9× 10−15 s

4. 0.46 m

5. a. f1 = 82.41 Hz, f2 = 164.8 Hz, f3 = 247.2 Hz and
f4 = 329.6 Hz

b. 1.50 m

c. 124 m s−1

d. Transverse waves

e. 25 cm

6. a. 615 Hz

b.
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c. 713 m s−1

d. 14.5 cm

7. When light passes around an obstacle or through a
sufficiently narrow opening, it displays wavelike behaviour
in the form of diffraction. Not only does the direction of
light change but, in addition, interference effects, such as
those shown in the diagram, produce bright and dark fringes
around edges that are well explained by constructive and
destructive interference.

8. a. Diffraction is less evident.

b. Diffraction is more evident.

9. By decreasing the width of the opening or increasing the
wavelength of the light

10. Each colour in white light will produce its own diffraction
pattern. Each colour will have a slightly different spread,
with red spread the most and purple spread the least,
due to variations in wavelength. Hence, the pattern has
a spectrum of coloured fringes that are consistent with
a typical diffraction pattern for waves passing through a
narrow opening.

11. a. 12 m

b. 0.400 m

c. Constructive interference

d. 11.8 m

12. a.
𝜆
2

b. 2.0 m

c. 16 m s–1

13. a. 500 nm b. 1000 nm

14. i. increasing the distance of the screen from the slits by a
factor of 2

ii. increasing the wavelength of the light used by a factor
of 2

iii. decreasing the distance between the slits by a factor of 2

15. 3.1 m

8.6 Exam questions

Section A — Multiple choice questions
1. C

2. D

3. B

4. D

5. B

6. D

7. C

8. A

9. B

10. B

Section B — Short answer questions
11. a. T= 25× 10−3 s

b. See figure at the bottom of the page*

12. a. f= 1010Hz

b. S2X− S1X= 4.5 cm

c. The pattern will widen.

13. a. 𝜆= 1 m

b. Thus the student has moved 0.75 m from the centre.

14. a. f= 1.08× 1010 Hz

b. The signal strength between P0 and P1 is a minimum

because the path difference is
𝜆
2

.

This results in destructive interference. 

15. a. The path difference to the point C is zero, and this results
in constructive interference at C.

b. C X

9 Light as a particle
9.2 Could light have particle-like properties
as well?

Sample problem 1
a. i. E= 4.4× 10−19 J

ii. p= 1.5× 10−27 N s

b. p= 1.02× 10−27 N s

Practice problem 1
f= 4.4× 1014 Hz

Sample problem 2
a. Ephoton = 3.86× 10−19 J

b. N= 8× 1017 photons s−1

*11. b.

Time

(s)

Displacement (m)

0.025

–0.50

0.050

0.50
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Practice problem 2
N= 1.4× 1028 photons s−1

Sample problem 3
a. W= 8.0× 10−17 J

b. Kinetic energy

c. Ek = 8.0× 10−17 J (or 500 eV)

d. v= 1.33× 107 m s−1

e. p= 1.2× 10−23 N s

Practice problem 3
a. E= 79 eV

b. Potential difference of 79 V

c. v= 5.3× 106 m s−1

d. p= 4.8× 10−24 N s

9.2 Exercise
1. a. 𝜆= 6.5× 10−7 m

b. T= 2.18× 10−15 s

2. 52 photons

3. See table at the bottom of the page*

4. Stopping voltage of 20 V

5. a. v= 5.3× 105 m s−1

b. i.

1.8V

Anode

5 mm

Cathode

_

+

45°

ii.

1.8V

Anode

5 mm

Cathode

+

_

45°

iii.

0.8V

Anode

5 mm

Cathode

+

_

45°

9.2 Exam questions
1. B

2. E= 6.21 eV

3. 𝜆= 440 nm

4. Use E= pc thus p= E

c
= 4.52× 10−19

3.00× 108
= 1.50× 10−27 N s

5. a. Ek = 9.22× 10−18 J

b. 1.06× 106 m s−1

9.3 The photoelectric effect and experimental
data

Sample problem 4

Photocurrent

Voltage (V )V0Vblue 0

*3.
Source Wavelength Frequency (Hz) Energy Momentum (N s)

Infrared from CO2

laser
10.6 µm 2.83 × 1013 1.88 × 10−20 J, 0.117 eV 6.25 × 10−29

Red helium–neon
laser

633 nm 4.74 × 1014 3.14 × 10−19 J, 1.96 eV 1.05 × 10−27

Yellow sodium
lamp

589 nm 5.09 × 1014 3.37 × 10−19 J, 2.11 eV 1.125 × 10−27

UV from excimer
laser

194 nm 1.55 × 1015 1.03 × 10−18 J, 6.42 eV 3.42 × 10−27

X-rays from
aluminium

0.990 nm 3.03 × 1017 2.01 × 10−16 J, 1.25 keV 6.69 × 10−25
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Practice problem 4

Photocurrent

V0 Vyellow
Voltage

Sample problem 5
a. Stopping voltage of 1.6 V

b. Ek = 6.7× 10−19 J

Practice problem 5
Stopping voltage of 3.0 V

Sample problem 6
a. f= 7.1× 1014 Hz

b. E= 2.9 eV

c. 1.25 eV= 2.0× 10−19 J

d. 𝜙= 1.7 eV= 2.7× 10−19 J

e. f0 = 4.0× 1014 Hz and 𝜆= 7.4× 10−7 m= 740 nm

f. Stopping voltage of 1.5 V

Practice problem 6
a. 0.87 eV or 1.4× 10−19 J

b. 𝜙= 2.1 eV
c. f0 = 4.96× 1014 Hz and 𝜆= 6.05× 10−7 m= 605 nm

d. The photoelectric effect will not occur

Sample problem 7
a. See table at the bottom of the page*

b.

0

Ek max (eV)

f (1014 Hz)3.5

−1.5

c. i. 6.9× 10−34 J s= 4.3× 10−15 eV s using the gradient of
the line

ii. f0 = 3.5× 1014 Hz using the x-intercept of the line of
best fit

iii. 𝜙= 2.4× 10−19 J= 1.5 eV using the y-intercept of the
line of best fit

d. Graph of photocell

with larger work

function

0 3.5

−1.5

Ek max(eV)

f (1014 Hz)

e. 𝜙= 3.33× 10−19 J= 2.07 eV

f. The photocurrent would double

g. The stopping voltage would remain the same.

Practice problem 7
a. See table at the bottom of the page**

*a.

Wavelength of light
used (nm)

Frequency of light
used × 1014 (Hz)

Photon energy of
light used (eV)

Stopping voltage
readings (V)

Maximum
photoelectron energy (J)

663 4.52 1.88 0.450 7.20× 10−20
489 6.14 2.54 1.15 1.84× 10−19

**a.
Wavelength of light

used (nm)
Frequency of light
used × 1014 (Hz)

Photon energy of
light used (eV)

Stopping voltage (V) Maximum photo-
electron energy (J)

390 7.70 3.19 2.36 3.78× 10−19

524 5.73 2.37 1.54 2.46× 10−19
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b. E
k max

(eV)

f(1014 Hz)2.0

–0.85

c. i. 6.73× 10−34 J s= 4.2× 10−15 eV s using the gradient of
the line

ii. f0 = 2.0× 1014 Hz using the x-intercept of the line of
best fit

iii. 𝜙= 1.36× 10−19 J= 0.85 eV using the y-intercept of the
line of best fit

d. E
k max

(eV)

f (1014 Hz)
2.1

Larger work

function

–0.88

e. 𝜙= 1.8 eV= 2.88× 10−19 J

f. The current would halve.

g. The stopping voltage would remain the same.

9.3 Exercise
1. a. The maximum current occurs when the accelerating

voltage causes all ejected electrons to be collected at
the anode. The voltage required for this is greater than
zero because some electrons leave at an angle and their
parabolic path may miss the anode at lower voltages.
When the voltage opposes the motion towards the cathode,
electrons travelling towards the anode slow down. When
the magnitude of the voltage is large enough, the electrons
reverse direction and so do not contribute to the current.
At a high enough retarding voltage, all electrons turn
around before reaching the anode, so the current is zero.

b.

+–

Photocurrent

Voltage (V)

c.

+–

Photocurrent

Voltage (V)

d. Photocurrent

Voltage (V)

+–

2. a. 0.85 µA

b. 1.0 µA

c. 1.0 µA

d. Once the voltage has reached the point where all electrons
are reaching the plate, the current in the photocell is
determined solely by the intensity of the light source.
There is no increase in light intensity; therefore, there is
no increase in the photocurrent.

e. Stopping voltage= 1.7 V or 1.7 eV= 2.7× 10−19 J

f.

V(V)2.01.0

0.85

1.0

(f)
I (μA)

–1.7

g.

V(V)2.01.0

0.85

1.0 (g)

(g)

I (μA)

–1.7

h.

V(V)2.01.0

0.85

1.0 (h)

I (μA)

–1.7

(h)
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3. a. Stopping voltage= 0.67 V

b. f= 1.08× 1015 Hz

c. f0 = 9.17× 1014 Hz

4. a. 𝜙= 2.6 eV= 4.1× 10−19 J

b. Stopping voltage= 2.1 V

c. 𝜆= 2.65× 10−7 m= 265 nm and p= 2.50× 10−27 N s

5. a. Ek = 1.5 eV= 2.4× 10−19 J

b. 2.5 V

c. Ek = 4.3 eV= 6.9× 10−19 J

d. Photocurrent

Voltage (V)

+
–

–4.3V

6. Stopping voltage= 1.12 V

7. Ek max = 2.59 eV= 4.14× 10−19 Ja.
2.59 Vb.

0

Frequency (1014 Hz)

M
a

x
im

u
m

 E
k
 (

e
V

)

(c) Potassium

1

2

2 4 6 8 10 12 14

–2

–1

using 254 nm

c.

0

Frequency (1014 Hz)

M
a

x
im

u
m

 E
k
 (

e
V

) (d) Sodium
1

2

2 4 6 8 10 12 14

–2

–1

d.

8. f0 ≃ 4.6× 1014 Hza. 𝜆= 6.5× 10−7 m= 650 nmb. 𝜙= 1.9 eVc.

h≈ gradient≈ 6.56× 10−34 J sd.

9.3 Exam questions
1. a.

voltage

photocurrent

A

b. Point A is the stopping voltage.

c. The stopping voltage is sufficient to turn back even the
most energetic photoelectrons.

2. a. i. h= 5.3. × 10−15 eV s

ii. 𝜆max = 810 nm

iii. 𝜙≈ 1.9 eV s

b. See figure at the bottom of the page*

*2. b.

f (⨯1014 Hz)

0 2 31 4 5 7 96 8 10

2.0

1.5

1.0

0.5

–0.5

–1.0

–1.5

–2.0

E
k max

(eV)
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3. a. V0 = 0.31 V

b. See figure at the bottom of the page*

4. a. h= 5.0× 10−15 eV s

b. f0 = 2.0× 1014 Hz

c. 𝜙= 1.0 eV

d. See figure at the bottom of the page**

5. h= 𝜙
f0
= 4.9× 10−34 J s

9.4 Limitations of the wave model

9.4 Exercise
1. The stopping voltage would increase with the intensity of

light.

2. Some examples of observations that support the particle
model include:
• For a given frequency of light, the photocurrent is

dependent in a linear fashion on the brightness or
intensity of light.

• The energy of photoelectrons is independent of intensity
of light and only linearly dependent on frequency.

• There is no significant time delay between incident light
striking a photocell and the subsequent emission of
electrons, and this observation is independent of intensity.

• A threshold frequency exists below which the
photoelectric effect does not occur, and this threshold
is independent of intensity.

3. When treating light as a wave, there is no threshold
frequency as energy transfer to electrons from a light
source is cumulative and, eventually, emission will occur.
However, when light is treated as a particle, there is a
threshold frequency, as photons with energy less than the
work function cannot free electrons from the photocell, and
they will not be emitted.

*3. b. photoelectric current
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4. Light is thought to behave in two different ways — as
both a particle and a wave. Many believe that these are
two different models, so it seems strange to use the wave
model to complete calculations involving the particle model.
However, these two models are not competing models
— they exist in duality and work together to explain the
behaviour of light. Light behaves as both a ‘particle’ and a
‘wave’, so using the frequency from one model to calculate
the energy of another model is quite reasonable. Using the
wave model, you can relate the frequency and wavelength
with the speed of light and, using the particle model, you
can relate Planck’s constant and frequency with the speed
of light. The frequency is in fact useful in both models so,
while it seems contradictory, it is incredibly useful for the
calculations.

9.4 Exam questions
1. C 

2. Particle model

3. • Absence of time delay
– The wave model predicts that no photoelectrons will be

emitted until sufficient energy has been delivered to the
metal.

– Experimentally, there is no measurable time delay
before electrons are ejected.

• The existence of a threshold frequency
– The wave model predicts that light of any frequency

should be able to eject photoelectrons, since the energy
delivered by a wave depends only on the intensity of
light.

– Experiment shows that light below a certain frequency
does not eject photoelectrons, regardless of its
intensity.

• The absence of any effect of light intensity on stopping
potential
– The wave model predicts that greater intensity will

deliver more energy to the metal and so increase the
maximum KE of the photoelectrons. This should lead
to an increase in the stopping potential.

– Experiment shows that the stopping potential is not
affected by changing the light intensity.

4. Answers will vary. A sample answer is:
There should be no threshold frequency. The wave model
predicts that all light carries energy proportional to the
amplitude of the wave. Therefore, all light should be able
to produce photoelectrons. The results show that only light
with frequencies above a threshold frequency can produce
photoelectrons. The particle model of light predicts that
photons have an energy proportional to their frequency
and only photons with a high enough frequency will have
sufficient energy to release photoelectrons.

5. The evidence is the photoelectric effect.
The particle model is supported by (any one of):
– no time delay in electron emission
– KE of electrons depends on light frequency not intensity
– the existence of a threshold frequency for light.

9.5 Review

9.5 Review questions
1. 𝜆= 6.5× 10−7 ma.

f= 4.6× 1014 Hzb.

E= 3.1× 10−19 J= 1.9 eV and p= 1.0× 10−17 N sc.

2. N= 1.42× 1028 photons s−1

3. E= 2.8 eVa. 𝜙= 2.11× 10−19 J = 1.3 eVb.
Stopping voltage= 1.5 Vc.

4. a. Photons with a frequency below the threshold frequency
will not have sufficient energy for electrons on the surface,
or below the surface, to overcome the work function𝜙. The photoelectric effect will not occur.

b. 𝜙= 2.32× 10−19 J = 1.45 eV

c. E= 19.7 eV

5. h= 6.7× 10−34 J sa. 𝜙= 0.98 eV= 1.6× 10−19 Jb.

6. a. The stopping voltage will stay the same, (frequency does
not change). The photo electric current will increase with
the intensity of light.

b. The stopping voltage will increase with the frequency, the
photocurrent will stay the same as the intensity of light is
unchanged.

c. The stopping voltage will increase and the photocurrent
will remain the same.

7. Reason 1:
Since the photocurrent is proportional to the brightness of
the light, it lends support to the idea that light is a stream
of particles. The greater the number of particles striking
a surface per second, the greater the number of electrons
emitted per second. A wave model does not make any
obvious predictions concerning brightness and current, but
incorrectly makes a prediction concerning the brightness of a
light source and electron energy.
Reason 2:
The energy of the photoelectrons is dependent on the
frequency of the light, consistent with the Planck model
and consolidated by Einstein; the light consists of individual
photons of energy proportional to frequency. A wave model
makes no such assertion.
Reason 3:
The lack of delay between light striking a surface and the
subsequent emission of electrons, both independent of
brightness and frequency, indicates that the light arriving as
particle-like packets. A wave model would predict a variable
delay time due to brightness, which is not observed.
Reason 4:
The existence of a threshold frequency below which the
photoelectric effect does not occur, regardless of the intensity
of light, is not a prediction made using a wave model. It is
consistent with a particle model for light where the photons
do not have sufficient energy to cause electrons to be emitted
regardless of how much time is given for the process. Also
implicit is that energy transfers from photons to electrons are
in a one-to-one ratio.
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9.5 Exam questions

Section A — Multiple choice questions
1. A

2. A

3. C

4. C

5. A

6. D

7. B

8. D

9. A

10. A

Section B — Short answer questions
11. a. Stopping voltage (or cut-off voltage or stopping

potential).

b.

P

Photocurrent

I (mA)

V

c.

P

Photocurrent

I (mA)

V (volts)

d. 3.4 eV

e. h= 6.7× 10−34 J s

f. Answers will vary.
The following are possible examples of limitations of the
wave model in explaining the results of the photoelectric
effect:
• existence of a threshold frequency
• absence of a time delay
• energy of the photoelectrons is independent of the

intensity of the light source

12. a. Intensity No change

Frequency Doubled

b. Intensity Halved

Frequency No change

c. E= 1.77 eV. This is less than the work function, thus
there will be no photoelectrons ejected.

13. a. E= 4.1 eV. This is less than the work function, thus there
will be no photoelectrons ejected.

b. 5.4 eV is greater than the work function so a
photoelectron will be emitted with a kinetic energy of
0.5 eV.

c. The experiment supports the particle model of light.
• The model suggests a threshold frequency and no

electrons were emitted by the 400 nm light.
• The model suggests that the energy of the photon is

dependent on its frequency and the higher frequency
light did produce photoelectrons.

14. a. The stopping voltage is 1.0 V.

b. 𝜆= 288 nm

c. The particle model predicts a cut-off frequency below
which no photoelectrons will be emitted regardless of
light intensity. This is supported by April’s observations.
The wave model predicts that photoelectron energy can
be accumulated over time, this is not supported by April’s
observations.
The particle model predicts that the energy of a photon
is dependent on its frequency and is delivered in a single
instant. This is supported by April’s observations.

15. a. E= 2.5 eV

b. 1.5 eV

c. 1.0 eV

d. At V=+1.0 V, there are no more photoelectrons to be
collected thus increasing the voltage will not result in an
increase in photocurrent.

e. D

f. The wave model predicts that increasing the intensity will
increase the kinetic energy of the photoelectrons, which
would increase the stopping voltage. This is not what is
observed.

10 Matter as particles or waves
and the similarities between light
and matter
10.2 Matter modelled as a type of wave

Sample problem 1
a. 𝜆= 6.63× 10−28 m

b. v= 7.3× 102 m s−1

Practice problem 1
The electron has a de Broglie wavelength that is approximately
180 times larger than that of the proton.
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10.2 Exercise
1. 1.9 × 10–30 m

2. 44.2 m s–1

3. When the speed and hence the momentum of a particle
increases, the de Broglie wavelength will decrease with
inverse proportion.

4. 3.9 × 10–35 m

5. 6.63 × 10–25 N s

6. A diffraction experiment where a beam of electrons is passed
through a narrow opening (or around an obstacle) whose
size is smaller than or similar to the size of the de Broglie
wavelength associated with the beam of electrons.

10.2 Exam questions
1. p= 1.5× 10−26 kg m s−1

2. C

3. 𝜆= 2.0× 10−11 m

4. 𝜆= 3.6× 10−11 m

5. v= 7.3× 107 m s−1

10.3 The diffraction of light and matter

Sample problem 2
The de Broglie wavelength of the tennis ball is of the order of
10−34 m and that of the electron is of the order of 10−10 m.

Practice problem 2
v= 0.40 m s−1

Sample problem 3
V= 26 V

Practice problem 3
v= 2.1× 106 m s−1

Sample problem 4𝜆electrons = 5.0× 10−11 m, similar to 𝜆X-rays = 7.1× 10−11 m

Practice problem 4
a. V= 5.4× 102 V

b. For the same energy, the photon has a wavelength that is
approximately 100 times larger compared to the de Broglie
wavelength of the electron.

Sample problem 5
a. p= 3.3× 10−24 N s

The photon and the electron have the same momentum.

b. Ephoton = 9.9× 10−16 J= 6.2 keV and

Eelectron = 6.0× 10−18 J= 37 eV
The electron has substantially less kinetic energy than the
photon.

c. Light and matter with the same wavelength will have the
same momentum but they will not necessarily have the same
energy.

Practice problem 5
a. p= 6.6× 10−24 N s for both the electron and the photon.

b. Ephoton = 1.98× 10−15 J= 12.4 keV and

Eelectron = 2.4× 10−17 J= 150 eV
The electron has substantially less kinetic energy than the
photon.

10.3 Exercise
1. 𝜆= 1.3× 10−14 ma. 𝜆= 1.7× 10−10 mb.𝜆= 6.6× 10−35 mc.

2. Ek = 8.0× 10−16 Ja. 𝜆= 2.5× 10−10 mb.

3. Light exhibits both wave and particle behaviour.

4. a. p= 2.3× 10−24 kg m s−1𝜆= 2.9× 10−10 m

b. The electrons will diffract significantly as
𝜆
d
≃ 1.

5. a. E= 3000 eV= 4.8× 10−16 J

b. p= 3.0× 10−23 N s and 𝜆= 2.2× 10−11 m

c.
𝜆
w
= 0.044&lt; < 1 thus the scientist should not expect any

diffraction effect

d. The scientist should decrease the accelerating voltage to
reduce the energy and the momentum of the electrons,
thus increasing the wavelength.

e. 𝜆= 2.2× 10−11 m and p= 3.0× 10−23 N s

f. E= 9.0× 10−15 J= 5.6× 104 eV

6. v= 1.1× 103 m s−1

7. a. The electron will have the larger wavelength.

b. For the electron: 𝜆= 3.9× 10−11 m.
For the proton: 𝜆= 9.1× 10−13 m.

8. V= 38 V

9. The electron has the shorter wavelength of the two.

10.3 Exam questions
1. a. 𝜆= 0.012 nm

b. If the speed is increased then the momentum will increase.

Since 𝜆∝ 1

v
, if v increases, 𝜆 will decrease.

2. a. 𝜆= 3.11× 10−9 m≈ 3 nm

b. v= 2.34× 105 m s−1

3. a. Ek = 1.35× 10−20 J= 0.08 eV

b. EX-ray = 293 eV

4. 𝜆= 1.46× 10−9 ma. w= 1.46× 10−7 mb.

5. a. Moving electrons exhibit wave properties with a
wavelength known as the de Broglie wavelength.
Diffraction patterns are dependent on wavelength.
If the de Broglie wavelength of the electron is the same as
the wavelength of the X-ray, then the diffraction patterns
will be the same.

b. f= 1.34× 1019 Hz
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10.4 Emission and absorption spectra

Sample problem 6
n= 1 to ground state transition: E= 1.5 eV

n= 3 to n= 2 transition: E= 1.7 eV

n= 2 to n= 1 transition: E= 1.8 eV

n= 2 to ground state transition: E= 3.3 eV

n= 3 to n= 1 transition: E= 3.5 eV

n= 4 to n= 1 transition: E= 5.0 eV

Practice problem 6
a.

n = 1 Ground

state

n = 2 First excited

state

n = 3 Second excited

state

n = 4 Third excited

state

0 eV

0.8 eV

2.7 eV

3.9 eV

b. ∆E= 3.9 eV and f= 9.4× 1014 Hz

c. ∆E= 1.9 eV and f= 4.6× 1014 Hz

Sample problem 7𝜆photon = 9.7× 10−8 m, ultraviolet radiation

Practice problem 7
f= 1.59× 1014 Hz and 𝜆= 1.9× 10−6 m

10.4 Exercise
1. A fire glows with a continuous range of wavelengths, and,

in a red fire, the red wavelengths have the greatest intensity.
Neon in a discharge tube glows red because the electrons
in the neon atoms are excited to specific energies. When
the electrons return to the ground state, they produce light
of a few fixed wavelengths, mainly in the red part of the
spectrum.

2. Emission lines are produced when electrons return from an
excited state to a lower energy state. The energy is released
in the form of photons of particular frequencies. Absorption
lines are produced when light from a continuous spectrum
passes through a gas. This light excites some of the electrons
in the atoms making up the gas, so photons with the energies
allowed by the atoms will be removed from the continuous
spectrum. As the energy required to raise an electron to a

more excited state is equal to the energy released when the
electrons drop back to the lower state, the emission lines and
absorption lines for a particular element will be the same.

3. Possible answers include refracting the light through a prism.
Spectral yellow will remain yellow, whereas a mixture of
green and red light will separate into two beams.

4. Ground state: −10.4 eV
First excited state: −5.5 eV
Second excited state: −3.7 eV
Third excited state: −1.6 eV

5. a. The term ‘ground state’ defines the lowest energy state of
an electron.

b.

–13.6

–3.40

–1.51

Fourth excited state

Third excited state

Second excited state

First excited state

Ground state

–0.85

–0.54

energy (eV)

c. The Balmer series is a collection of transitions from the
3rd, 4th, 5th and 6th excited states to the 2nd excited
state in a hydrogen atom. They are grouped because
each transition produces a photon in the visible part of
the electromagnetic spectrum.

6. See table at the bottom of the page*

7. a. Energy

(eV)

12.8

12.1

10.2

0

First excited state

Second excited state

Third excited state

Ground state

*6. 𝜆(nm) f(Hz) E(J) E(eV ) p(N s)

Red light 633 4.74 × 1014 3.14 × 10−19 1.96 1.05 × 10−27

Electron 0.877 — 3.14 × 10−19 1.96 7.56 × 10−25

Blue light 405 7.41 × 1014 4.91 × 10−19 3.07 1.64 × 10−27

Electron 405 — 1.48 × 10−24 9.24 × 10−6 1.64 × 10−27
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b.

12.8

12.1

10.2

0

Energy (eV)

Third excited state

Second excited state

First excited state

Ground state

c. n= 3 to n= 2 transition: E1 = 0.7 eV
n= 3 to n= 1 transition: E2 = 2.6 eV
n= 3 to Ground state transition: E3 = 12.8 eV
n= 2 to n= 1 transition: E4 = 1.9 eV
n= 2 to Ground state transition: E5 = 12.1 eV
n= 1 to Ground state transition: E6 = 10.2 eV,

d. Least energetic photon:𝜆= 1.8× 10−6 m
Greatest energy photon:𝜆= 9.7× 10−8 m

10.4 Exam questions
1. a. E= 1.94 eV

b. energy (eV)

21.74

20.65

20.02

19.80

13.50

0

2. Photons with energies matching the transition energies
between shells will be absorbed as the electrons are excited
to higher energy states. These photons are missing from the
spectrum.

3. f= 8.72× 1014 Hz

4. a. E= 2.2 eV

b. There are 10 transitions (9 different transitions) and 9
spectral lines.

5. a. 668 nm

b. f= 5.1× 1014 Hz

c. Only certain energies are visible because the electrons
exist only in certain discrete energy levels. As the
electrons transition between these energy levels they can
emit only discrete amounts of energy.

10.5 Electrons, atoms and standing waves

10.5 Exercise
1. a. The classical model of a hydrogen atom has an electron

orbiting around the proton, which lies at the centre of the
atom. This model is often referred to as a planetary model.

b. An electron orbiting a proton is accelerating and,
according to Maxwell, should emit electromagnetic
radiation continuously as it orbits. This loss of energy
for the electron would cause it to spiral into the nucleus in
a very short time. This model does not predict that atoms
are stable.

2. In the Bohr model of a hydrogen atom, the electron is
modelled as a type of standing wave around the proton. This
stationary state is simply asserted not to emit light.

3. In the Bohr model for an atom, light in the form of photons is
emitted only when an atom undergoes a transition from one
excited state to a lower state. The light emitted is a specific
energy (hence frequency, hence colour) accounting for the
discrete nature of emission spectra. In a similar fashion, light
of specific energies is absorbed when the energies match
energy differences in stationary states. Usually, the initial
state is the ground state and the final state is an excited state.

10.5 Exam questions
1. Electrons exhibit a wave property. Only orbits with

circumferences that are a whole multiple of this wavelength
will permit a standing wave to form.

2. Mary is correct and Roger is incorrect.
• Electrons passed through a crystal will produce a

diffraction pattern, just as if X-rays were passed through
the crystal.

• Electrons passed through a single slit will produce a
diffraction pattern.

3. Electrons exhibit a wave behaviour.
Electrons form standing waves in orbits where the
circumference is a whole multiple of the electron
wavelength.
This means that only certain discrete energy states can exist.

n = 4

4. a. Answers will vary.
Electrons have a wavelike nature, with wavelength 𝜆 as
defined by Louis de Broglie.
Electrons can be modelled as travelling along one of the
allowed orbits around the nucleus, together with their
associated wave.
The circumference of each allowed orbit contains a whole
number of wavelengths of the electron-wave: n𝜆= 2𝜋r.
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b. Answers will vary.

5. In the first model, the electron modelled as a particle is
in a circular orbit and thus accelerating. Classical theory
predicts that the accelerating electron would continuously
emit light and hence spiral into the nucleus. Atoms are
inherently unstable using this model and not consistent
with observation. The second model treats the electron
as a type of standing wave — a resonance. The standing
wave is considered stable and does not emit a photon. Only
transitions from a higher energy state to a lower energy state
are associated with the emission of a single photon. This
second model is consistent with observations of emission
spectra.

10.6 Review

10.6 Review questions
1. a. 𝜆electron = 2.6× 10−10 m and 𝜆photon = 5.8× 10−7 m

The photon has a longer wavelength than the electron.

b. pelectron = 2.6× 10−24 N s and pphoton = 1.2× 10−27 N s
The momentum of the electron is greater than the
momentum of the photon.

c. Eelectron = 3.6× 10−18 J and Ephoton = 3.5× 10−19 J
The energy of the electron is greater than the energy of the
photon.

2. a. pelectron = 9.3× 10−25 N s and pphoton = 1.6× 10−27 N s
The momentum of the electron is greater than the
momentum of the photon.

b. 𝜆electron = 7.1× 10−10 m and 𝜆photon = 4.1× 10−7 m
The photon has a longer wavelength than the electron.

c. As the energy of the photon and electron increases, the
momentum of both the photon and the electron also
increases, however, the momentum of the photon increases
at a faster rate than the momentum of the electron. And
as the momentum of the photon and electron increases,
the wavelengths of both the photon and the electron will
decrease.

3. The diffraction of electrons is strong evidence for the
wavelike behaviour of individual electrons, as objects
modelled as particles do not display diffraction.

4. In a typical emission spectrum, a series of discrete coloured
lines is observed. These lines occur due to atomic transitions
from one energy level to a lower energy level within each
excited atom. In an absorption spectrum, a continuous
spectrum consisting of all colours with black lines is
observed. The missing colours (where the black lines are
positioned) occur when atoms in their ground state are
excited into a higher energy state by the absorption of
photons of specific energy consistent with the dark lines in
an otherwise continuous spectrum.

5. V= 1.5× 104 V

6. a. 12.8 eV

12.1 eV

10.2 eV

0 eV

b. There are six different energy photons. In order from left
to right in the diagram in part a, they have energy 12.8 eV,
2.6 eV, 0.70 eV, 12.1 eV, 1.90 eV and 10.2 eV.

c. 𝜆= 1.8× 10−6 m

7. a. i. E= 1.8 eV

ii. f= 4.3× 1014 Hz and 𝜆= 6.9× 10−7 m

b. 𝜆= 1.4× 10−7 m

8. Emission spectra consist of coloured emission lines resulting
from photons emitted from atoms when transitions occur
between excited states to lower energy states, one of which
would be the ground state. Absorption spectra on the other
hand consist of absorption lines resulting from atoms being
excited from the ground state to higher energy states. There
are fewer absorption transitions than there are emission
transitions possible.

9. Taylor’s experiment tells us that each particle of light,
a photon, behaves like a wave when passing through
the apparatus and also like a particle when it strikes the
photographic plate or screen used.

10.6 Exam questions

Section A — Multiple choice questions
1. B

2. C

3. B

4. B

5. C

6. B

7. C

8. B

9. D

10. D
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Section B — Short answer questions
11. a. E= 6.2× 102 eV

b.
𝜆
w
= 4× 10−2 thus little to no diffraction will

be observed.

12. a. 𝜆= 0.155 nm

b. v= 4.7× 106 m s−1

13. a. D

b. Answers will vary.
• Electrons orbit nuclei in shells with discrete energy

levels.
• Electrons can transition between these shells by

absorbing or emitting discrete amounts of energy
equal to the difference between the two shells.

• Since transitioning electrons can only release discrete
amounts of energy, only discrete spectral lines will be
observed.

14. a. Answers will vary. See worked solution.

b. E= 7.1× 104 eV

15. a. See figure at the bottom of the page*

b. E = 1.07× 10−18 J

c. Nothing will happen.

11 Einstein’s special theory of
relativity and the relationship
between energy and mass
11.2 Einstein’s special theory of relativity

Sample problem 1
Scenario 1: 80 km h−1

Scenario 2: 80 km h−1

Scenario 3: 120 km h−1

Practice problem 1
Velocity is relative

Sample problem 2
The acceleration of the rocket is the same whether it is
measured from frame A or frame B. It does not depend on the
reference frame.

Practice problem 2
a. The measured speed depends entirely on the relative motion

of the person measuring the speed. Therefore, it depends on
the observer’s frame of reference.

b. Newton’s three laws of motion do not require the entering of
a value of velocity at any point. However, the second law
(net force = ma) includes a value for acceleration. If the
value for acceleration is different, then the net force would
be different. By the principle of relativity, physical laws need
to give the same answer in all inertial reference frames.

Sample problem 3
Galileo proposed that all inertial frames of reference are
equally valid. Maxwell’s concept of electromagnetic waves
suggested the presence of an absolute frame of reference —
the luminiferous aether. That is, observers moving relative to
the aether should experience light at different velocities, and
therefore not all inertial frames of reference are equally valid,
as stated by Galileo.

Practice problem 3
1.5c
Sample problem 4
• The principle of relativity is applied to all laws of physics.
• The speed of light is constant for all observers.

Practice problem 4
Einstein found that the speed of light was invariant and that
time, distance, simultaneity, mass and kinetic energy were all
dependent on the motion or the reference frame of the observer,
and hence relative.

Sample problem 5
35 days

Practice problem 5
Even small increases in the acceleration would make the
astronauts feel very heavy. Humans cannot withstand large
accelerations for long periods of time. If the acceleration was
large enough, they would be squashed flat, but, long before that,

*15. a.

0

energy (eV)

4.9

6.7 n = 3

n = 4

n = 2

ground state n = 1

8.8

10.4
ionisation
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they would be rendered unconscious by the lack of blood flow
through the brain.

Sample problem 6
Figure 11.16a in the text shows the situation for planet A.
The light radiates in all directions at the same rate, and the
diagram shows where the light in one direction and the opposite
direction would be after one year.

Figure 11.16b in the text shows what is happening on planet
B according to observers on planet A. The light moving out
behind the moving planet reaches the one-light-year distance
sooner than the light moving out from the front! But it is known
that planet B is at the centre of this light circle. The way to
achieve this is to move away from absolute space and time and
understand that these are relative to the observer. When this is
done, it is seen as possible for planet B to be at the centre of the
light circle. However, this requires that A and B disagree about
when two events occur. According to planet A, the different
sides of the light circle reach the light-year radius at different
times, but from planet B this must occur simultaneously.

Practice problem 6
a. In classical physics, simultaneity is invariant.

b. In special relativity, simultaneity is relative.

11.2 Exercise
1. Velocity depends on the reference frame in which it is

measured.

2. A frame of reference is a set of length and time coordinates
that an observer uses to measure an event.

3. 100 km h−1

4. a. The acceleration due to the revolution of Earth around the
Sun is about 6× 10−2 m s−2, which is tiny. According to
the principle of relativity, if Earth is not accelerating, the
movement of Earth cannot be felt no matter what its speed.

b. Daily rotation about its axis and precession of the
equinoxes (the motion of Earth’s axis), which has a period
of about 22 000 years.

c. The accelerations are so tiny that they are difficult to
detect.

5. 2.9989× 108 m s−1

6. a. Newton’s laws are an excellent approximation at speeds
lower than light speed. For most of human history, there
was no way of observing extremely high speeds, meaning
that the limitations of Newton’s laws were unidentifiable.

b. Newton’s laws are still useful at the lower speeds that are
seen in everyday life, providing accurate results at those
speeds. They are also much easier to use and learn than
Einstein’s laws.

7. It would seem impossible. An object travelling at a speed
of 0.99c towards a stationary observer emits light in all
directions. The light travels at speed c. According to
Newtonian physics, the observer would measure the speed of
the light from the approaching object to be 1.99c. However,
the observer actually measures the speed of light to be c.

8. 3.0 × 108 m s−1

11.2 Exam questions
1. D

2. Einstein’s second postulate is ‘The speed of light has a
constant value for all observers regardless of their motion
or the motion of the source.’ Classical physics states that if
there is relative motion between the source of light and the
observer then the measurement of the speed of light would
vary.

3. No, the velocity might not be constant (as constant speed is
not the same as constant velocity). The ship in question could
be travelling in a circular path, or it could be in orbit and still
be travelling at a constant speed. Therefore, the spaceship
may not be in an inertial frame of reference.

4. B

5. B

11.3 Time dilation

Sample problem 7
5.774 min (of 5 min 46.4 s)

Practice problem 7
4.329 min

Sample problem 8
5.774 min

Practice problem 8
1.8 min (or 1 min 48 s)

Sample problem 9
t= 1.000 000 000 000 0022t0

The difference is so small that it will be unnoticeable.

Practice problem 9
v= 0.866c

11.3 Exercise
1. Time dilation is the slowing of time for objects in motion

relative to the observer. It can be detected with very sensitive
instruments when comparing times on board aeroplanes with
the time on the ground.

2. The clock in motion relative to you

3. As can be seen in the two figures, the distance the light
travels in the moving clock is further than in the stationary
clock. As the speed of light is constant, the time taken for
the light to complete one cycle in the moving clock is longer.
Therefore it ‘ticks’ more slowly.
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4. Proper time is t0, which is the time as measured in the
reference frame of the event. Conversely, t is the time as
measured in a different inertial reference frame.

5. a. 1.048 28

b. 95.4 beats per minute

11.3 Exam questions
1. A

2. a. 6.44 years

b. Yes, because the clock is stationary in the astronaut’s
frame of reference.

3. D

4. 3.05 × 10–13 s

5. C

11.4 Length contraction

Sample problem 10
The spacecraft appears to be only 86.6% of its proper length.

Practice problem 10
a. Madeline will record a distance shorter than the one recorded

by Rebecca.

b. Rebecca’s measure is the proper length.

11.4 Exercise
1. Depth

2. a. Its length would be unchanged from the perspective of the
alien on board.

b. The length of the spaceship from the perspective of the
Sun would be 60% of its proper length.

c. The speed that light from the Sun reaches it is c.

3. 2.82 sa. 0.7053 mb.

4. 43.59 m

5. v= 0.75c

11.4 Exam questions
1. a. The technician is observing length contraction, which only

occurs in the axis/direction of motion.

b. L0 = 189 m

2. C

3. 0.94c

4. 4.57 × 10–6 m

5. A

11.5 Relativity is real

Sample problem 11
1.56 µsa. 𝛾= 9.29b.
v= 0.994cc. 14.5 µsd.

Practice problem 11
1938 ma. 209 mb.

11.5 Exercise
1. As a result of the muons travelling at very near light speed,

their half-lives according to scientists on Earth are much
longer than in their rest frame due to time dilation. This
means that more of the muons have sufficient time to reach
Earth’s surface before decaying.

2. 5.97 km

3. 7.839 microseconds

4. In the early days of special relativity, few experiments were
available to test whether the phenomena predicted by the
theory matched up with measurements. Muons, however,
were detectable, were travelling close to the speed of light
and had features of their journey that were measurable,
in particular the distance travelled and their half-life. The
number of muons reaching the ground agreed with the
predictions of special relativity but not classical physics.

5. 1.7× 102 m (to 2 s.f.)

6. 2.97× 108 m s−1a. 4.71× 10−7 sb.

11.5 Exam questions
1. C

2. Answers will vay. This is due to time dilation. The half-life
of the muon as measured in Earth’s frame of reference is
longer than the half-life measured in the muon’s frame of
reference. This explains why muons travel further before
they decay.
OR
This is due to length contraction. The distance to the surface
as measured in the muon’s frame of reference is shorter than
the distance measured in Earth’s frame of reference. This
explains why muons can reach the surface before they decay.

3. a. t= 7.4µs

b. The length would appear shorter. L = 0.47 km

4. C

5. With a GPS clock accurate to 7 µs your position on Earth
would be accurate to 2 km, whereas with a GPS clock
accurate to the nanosecond, your position on Earth would
be accurate to 0.3 m.

11.6 Einstein’s relationship between mass and
energy

Sample problem 12
Speeds larger than c would produce a negative under the square
root sign, so these speeds are not possible.

Practice problem 12
3× 1016 kg

Sample problem 13∆m= 1.96× 10−26 kg≃ 12×mproton at rest

Practice problem 13∆m= 3.83× 10−27 kg≃ 2×mproton at rest

Sample problem 14
v= 1.45× 109 m s−1

ANSWERS 687



(v> c This speed is not possible.)

Practice problem 14
v= 6.43× 108 m s−1

v> c This speed is not possible, thus Newton’s laws are not
useful when dealing with objects travelling at high speeds.

Sample problem 15
Einstein’s physics: Ek = 1.39× 1020 J

Newtonian physics: Ek = 1.13× 1020 J

The kinetic energy is 1.23 times the value predicted by classical
physics.

Practice problem 15
v= 0.999 999 985 4c

Sample problem 16
The binding energy of the nucleus has not been considered.

Practice problem 16∆m= 5.33× 10−29 kg

Sample problem 17
P= 4.0× 1026 W

Practice problem 17
t= 1.44× 1013years

Sample problem 18∆E= 8.2× 10−14 J

Practice problem 18∆E= 2.9× 10−10 J

11.6 Exercise
1. The mass of an object increases with its motion, according

to the factor 𝛾. Therefore an object’s mass becomes
infinite at the speed of light. Also, the length of the object
would be zero at the speed of light, and time would cease.
Mathematically, speeds beyond the speed of light would
require taking the square root of a negative number in the
equation for 𝛾.

2. a. 4.5× 1017 Ji. 1.4× 1019 Jii.

6.0× 1019 Jiii. 1.2× 1020 Jiv.

b.
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3. Energy and mass are equivalent.

4. 5.4× 1041 J

5. 2.99× 1016 kg

6. It decreases as the fusion process converts mass into energy.

11.6 Exam questions
1. C

2. B

3. E= 6.3× 1021 J

4. E= 2.3× 10−11 J

5. B

11.7 Review

11.7 Review questions
1. Inertial reference frames are those that are not subject to

acceleration. Non-inertial frames are accelerating.

2. There are no indications of movement with constant
velocity. While accelerating, however, a force is required
and you feel this as a push from your seat.

3. Head-on collisions are particularly dangerous because the
velocity of one car relative to the other can be much greater
than the velocity of each car individually. For example, two
cars, both travelling at 50 km h–1 in opposite directions,
collide head-on. The velocity of one car relative to the other
is 100 km h–1.

4. a. The laws of physics are the same in all inertial reference
frames, and light speed is constant in a vacuum, for all
observers.

b. In previous physics, the laws of electromagnetism were
not the same in all inertial reference frames — light
speed depended on the motion of the source and the
receiver, so was not the same for all observers.

5. False. By the principle of relativity, the situation must be
symmetrical so that any two inertial reference frames are
indistinguishable. Both observers see the other frame as
moving and, therefore, both see the other’s time
running slow.

6. 5 minutesa. 0.78cb.

7. Accelerating even relatively small masses to near light
speed involves enormous amounts of energy. This is not
currently feasible. Additionally, humans are not able to
sustain large accelerations for extended periods of time.
Reaching near light speeds with safe accelerations would
take years.

8. 2.25× 1016 J

9. All the chemical products of combustion must add up to
less than the mass of the initial coal because energy has
been released.

10. 7.47× 10−31 kg

11.7 Exam questions

Section A — Multiple choice questions
1. A

2. A

3. C

4. D

5. A
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6. D

7. A

8. D

9. C

10. A

Section B — Short answer questions
11. The transformation is a mass–energy transformation due to

nuclear fusion. As the energy is radiated away, the mass of
the star will decrease.

12. γ= 5.61a. t= 4.44 yearsb.

13. t= 6.5 years

14.
length of side along x-axis 4.5× 102 m

length of side along y-axis 3.2× 103 m

length of side along z-axis 3.2× 103 m

Length contraction only occurs in the direction of travel, the
y and z dimensions would remain unchanged.

15. 15 years

Unit 4 | Area of Study 1 review
Section A — Multiple choice questions
1. D

2. C

3. B

4. B

5. A

6. D

7. C

8. A

9. C

10. D

11. A

12. A

13. D

14. C

15. A

16. B

17. C

18. B

19. B

20. B

Section B — Short answer questions
21. 6.4× 10−7 ma. 1.9 eVb. 1.0× 10−27 N sc.

22. 1325 nma. 1060 nmb.

23. a. 2.9× 10−19 J

b. 8.8× 10−20 J

c. 5.5× 10−1 V

d. Increasing the number of photons will increase the
magnitude of the photocurrent, but the stopping voltage
will remain the same.

24. 5.3× 10−7 m

25. a. Diffraction is a property of waves.
Electrons can undergo diffraction when passed through
atomic crystals and electrons are matter.
Thus electron diffraction is evidence for the wave-like
nature of matter.

b. • The photoelectric effect supports the particle theory
of light because the energy required to release
photoelectrons from a metal is dependent upon the
frequency of light, and not the intensity of light.

• The photoelectric effect proves that energy is
quantised. This contradicts the wave model for light
with energy arriving continuously.

26. a.
n = 5

n = 4

n = 3

n = 2

n = 1

b. 7.7× 1014 Hz

27. 5.07× 10−11 ma. 5.07× 10−11 mb.

9.4× 10−17 Jc. 5.9× 102 Vd.
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