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PREFACE

Preface

This workbook is designed to cover the core topics of the new Stage 2 SACE Subject Outline in order from topic
1 through to topic 3. However, the topics can be taught in any order, as each topic is treated individually.

The worked examples are designed to help model the use and application of the theoretical concepts.
The exercises are designed to help consolidate ideas. There are a variety of question types, which range in
difficulty. These question types include recalling facts, describing, graphing and explaining. Clear and detailed
solutions are provided. This workbook can be used in class or as a supplement at home.

The workbook also addresses Science as a human endeavour, providing examples and ideas for further
investigation taken from the Subject Outline. Similarly, Student Practical Investigations are referred to in the body
of the workbook and in some of the exercises.

| have tried to cover all aspects of the Subject Outline. | trust that you will find this workbook valuable to your
teaching of this new course.

All students and teachers should refer to the SACE website — www.sace.sa.edu.au — for the most up-to-date
version of the Subject Outline.

Maria Caruso
November 2024
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PROJECTILE MOTION TOPIC 1

Topic 1: Motion and relativity
1.1 Projectile motion

Science understanding

1. When the acceleration is constant, motion is described in terms of relationships between measurable scalar
and vector quantities, including displacement, speed, velocity, and acceleration.

Motion under constant acceleration can be described quantitatively using the following formulae:
V=V,+at

S=vt+ %az‘2

V2=V +2as

2. Projectile motion can be analysed quantitatively by treating the horizontal and vertical components of the
motion independently.

e  Construct, identify, and label displacement, velocity, and acceleration vectors.

* Resolve velocity into vertical and horizontal components, using v,=vcos® and v,=vsin® for the
horizontal and vertical components respectively.

e  Solve problems using the constant acceleration formulae.

e Use vector addition and trigonometric calculations to determine the magnitude and direction of the
velocity of a projectile at any moment of time.

3. An object experiences a constant gravitational force near the surface of the Earth, which causes it to
undergo uniform acceleration.

e Explain that, in the absence of air resistance, the horizontal component of the velocity is constant.
4. The motion formulae are used to calculate measurable quantities for objects undergoing projectile motion.

e (Calculate the time of flight when a projectile is launched horizontally.

e  Calculate the time of flight and maximum height for a projectile when the launch height is the same as
the landing height.

e (Calculate the horizontal range of a projectile when it is launched horizontally or when the launch height
is the same as the landing height (or the flight time is given).

e Determine the velocity of a projectile at any time using trigonometric calculations or vector addition.

e Explain qualitatively that the maximum range occurs at a launch angle of 45° for projectiles that land at
the same height from which they were launched.

e Describe the relationship between launch angles that result in the same range.

e Describe and explain the effect of launch height, speed, and angle on the time of flight and the maximum
range of a projectile.

e Analyse multi-image representations of projectile paths.

5. When a body moves through a medium (such as air), the body experiences a drag force that opposes the
motion of the body.

e Explain the effects of speed, cross-sectional area of the body, and density of the medium on the drag
force on a moving body.

e Explain that terminal velocity occurs when the magnitude of the drag force results in zero net force on
the moving body.

e Describe situations (such as skydiving and the maximum speed of racing cars) where terminal velocity
is achieved.

e Describe and explain the effects of air resistance on the vertical and horizontal components of the
velocity, maximum height, and range of a projectile.

e Describe and explain the effects of air resistance on the time for a projectile to reach the maximum
height or to fall from the maximum height.

© Essentials Education 1



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

In the stage 1 Subtopic 1.1, Motion Under Constant Acceleration, uniformly accelerated motion was
described in terms of relationships between measurable scalar and vector quantities, including displacement,
speed, velocity, and acceleration.

Recall that quantities that have size or magnitude only are called scalar quantities and quantities that have both
a magnitude and direction are called vector quantities.

Motion under constant acceleration was described quantitatively using the following equations:

v, = initial velocity (ms™)

V=V, +at v = final velocity (ms™)
S=vt+ %az‘2 wheret = time(s)
V2 =V2 +2as a = acceleration (ms=)

displacement (m)

Velocity is defined as displacement per unit time and the equation v =§ was used when dealing with constant
velocity(v).

An object projected horizontally above the surface of the Earth follows a parabolic path towards the surface of
the Earth. Similarly the motion of an object that is projected at an angle (6) above the surface of the Earth follows
a parabolic path as it rises and then falls towards the surface of the Earth. The object follows a parabolic path in
both examples due to the constant, downwards gravitational force that acts near the surface of the Earth. Motion
under the action of the gravitational force near the surface of the Earth is referred to as projectile motion.

A multi-image photograph such as that pictured in Figure 1.1.1 can capture the motion of a projectile. Figure 1.1.1
illustrates that the tennis ball has both a horizontal and vertical component to its motion.

| ||| | on | | memenens

between consecutive

.--.-r‘\-“l . images = At =0.05 s
| e T

0.00 0.10 0.20 0.30 0.40 0.50

X (metres)

Figure 1.1.1
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PROJECTILE MOTION TOPIC 1

Horizontal and vertical components of motion can be treated independently

In Figure 1.1.1, the time interval (At) between consecutive images is constant. The displacement of the tennis
ball in the horizontal direction (x) is also constant between consecutive images. This means that the horizontal
component of the ball’s velocity is constant, and indicates that there are no unbalanced forces acting in the
horizontal direction (Newton’s First Law).

Figure 1.1.1 indicates that the tennis ball experiences an acceleration in the vertical direction. The vertical
displacement between consecutive images decreases as the ball rises and increases as the ball falls. This is
because all objects experience a constant, downwards gravitational force near the surface of the Earth. The
acceleration of the ball is therefore constant and has a magnitude of 9.80 ms2. The acceleration is directed
downwards towards the ground and is independent of the object’s mass.

Analysis of projectile motion qualitatively

Consider the three cases below.

Height, s

range

Figure 1.1.2

Height, s

range

Figure 1.1.3

Height above launch
position, s

Height, H

range

—>
Figure 1.1.4

The table below summarises the quantitative methods for determining the most common measurable quantities.

Figure 1.1.2

Object launched horizontally
with a speed v,

Figure 1.1.3

Object launched at an angle
0 above the horizontal with a
speed v

(uni-level projection)

Figure 1.1.4

Object launched at a
height H and an angle 6 above
the horizontal with a speed v

The vertical component of the initial
velocity is zero when a projectile

is launched horizontally above the
ground. The three equations of
motion that describe the vertical
motion of the projectile are:

s=—at’

v?=2as

In this case, the initial or launch
velocity has a horizontal and a
vertical component as shown
below. That is, the initial velocity
can be resolved into its horizontal
(v,) and vertical (v ) components.

initial
velocity
v V' =vsind

v

The analysis in this case is similar
to an object launched at an angle
above the horizontal.

The initial or launch velocity has a

horizontal and vertical component
given by v, = vcos@and v, = vsinf
respectively.

© Essentials Education



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

Time of flight

Most commonly,

_1 g
s-zat

is rearranged to give

a

t=

and is used to find the time of flight
(t) of the projectile.

Most commonly, the equation
v=y,+at

is rearranged to give

and is used to calculate the time
taken for the projectile to reach

its maximum height (or vertical
displacement). In this case, v is

the final velocity in the vertical
direction (zero), a is the acceleration
(-9.80 ms™) and v, is the initial
vertical velocity (v, = vsing).

Since the motion is symmetrical,
this value is doubled to give the
total time of flight.

Calculating the time of flight for

this situation is outside the scope
of the course. It will be discussed
for completeness. In this case,

the time taken for the projectile to
reach its maximum height above

its launch position is found in the
same way it is calculated for an
object launched at an angle above
the horizontal. The time taken to fall
from maximum height can be found
by rearranging

_1
s-zat

so that
2s

a

t=

The total time of flight is the sum of
these two times.

Height (or vertical displacement)

Most commonly,

a2
s=at

is used to find the height (s) from
which the projectile was launched
given the time of flight (t).

Most commonly, the equation
v =V +2as is rearranged to give

S_v2—v§= -V _ v
2a -19.6 19.6

and is used to calculate the
maximum height reached (s) by the
projectile above its launch position
(usually the ground). In this case,

v is the final velocity in the vertical
direction (zero), a is the acceleration
(-9.80 ms™) and v, is the initial
vertical velocity (v, = vsin6).

Alternatively, if the time to maximum
height (t) is known, then the
equation

y

—at?

S=V01‘+2

can be used to calculate the height
reached by the projectile.

Calculating the maximum height
for this situation is outside the
scope of the course. It will be
discussed for completeness. In this
case, the height reached by the
projectile above its launch position
(s) is found in the same way it is
calculated for an object launched
at an angle above the horizontal
but the launch height (H) is added
to determine the height above the
ground.

Range s,, (or horizontal displacem

ent)

Sy =Vyt is used to calculate the
horizontal range.

sy = vyt is used to calculate the
horizontal range.

Sy =Vyt is used to calculate the
horizontal range.

© Essentials Education



PROJECTILE MOTION TOPIC 1

Velocity at any point along the path

The horizontal and vertical components of velocity at any instant of time can be added vectorially to give the
velocity vector.

Horizontal component of velocity

This value is constant and given by vcos6

.
7

Vertical component of velocity = v_ + at

Here v is the initial vertical velocity (vsin6) where v is the
initial or launch velocity.

The acceleration is a =-9.80 ms=2.
Velocity at any

: | s If the value of v_ + at is negative this means that the
instant of time v o

vertical component of velocity is directed downwards
as shown in the adjacent vector triangle. If the value is
positive the vertical component of velocity is directed
upwards.

Scale diagrams

A scale diagram can be used to determine the components of a projectile’s initial or launch velocity or the velocity
of the projectile at any instant of time after it is launched. This is not a common method. Opportunities to use scale
diagrams to solve problems will be provided in the examples and exercises.

Velocity and acceleration at different points along a projectile’s path

Earlier in the chapter we saw that the horizontal component of a projectile’s velocity is constant. We also discussed
that the vertical component of velocity decreases as the object rises until it is zero at maximum height and then
increases as the object falls. The velocity vector at any instant of time is at a tangent to the parabolic path and a
vector sum of the horizontal and vertical components of velocity. Figure 1.1.5 illustrates the horizontal and vertical
components of a projectile’s velocity as well as the velocity vector at various points along a projectile’s path.

Key:

Horizontal component of
velocity

Vertical component of
velocity

Velocity

Figure 1.1.5

© Essentials Education 5



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

Figure 1.1.6 illustrates the acceleration of a projectile at various points along its path. Acceleration is represented
by vector arrows of equal length at each point along the path as it is constant in magnitude and direction.

Figure 1.1.6

Range

The vertical component of the initial or launch velocity determines the height reached by a projectile. The larger
the vertical component, the higher the projectile rises. This results in the projectile spending more time in the
air. The product of the horizontal component of the launch velocity and the time of flight determines the range.
The affect of launch speed, angle and height can be investigated using a spreadsheet or simulations such as:
https://phet.colorado.edu/sims/projectile-motion/projectile-motion_en.html

Effect of launch speed on range

Figure 1.1.7

Figure 1.1.7 illustrates the range that results from three different launch speeds (5 ms™, 10 ms~'and 15 ms™) at
the same launch angle.

A greater launch speed results in both the vertical and horizontal components of the launch velocity being larger.
A larger vertical component of velocity results in a greater height and a greater time of flight. Since the product of
the horizontal component of the launch velocity and the time of flight determines the range, the range increases
with launch speed.

6 © Essentials Education



PROJECTILE MOTION

Effect of launch angle on range

80°

60°

45°

Figure 1.1.8
Figure 1.1.8 illustrates the range that results from the same launch speed at three different angles (45°, 60° and 80°).

Figure 1.1.9 shows that a greater launch angle (6,) for a given launch velocity (V) results in the vertical component
of the launch velocity being larger and the horizontal component being smaller.

v -
v %
0, 0,

Figure 1.1.9

A larger vertical component of velocity results in a greater height and therefore a greater time of flight. However,
reducing the horizontal component of the launch velocity results in the product of the horizontal component of
the launch velocity and the time of flight decreasing as the angle increases. It follows that the range decreases.

Launch angles that result in the same range

Figure 1.1.10

Figure 1.1.10 illustrates that complementary angles (6 and 90-6) produce the same range if a projectile lands at
the same height that it is launched.

© Essentials Education 7



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

Maximum range

(i) A projectile launched at an angle above the horizontal and landing at the same height that it is
launched (uni-level projection)

Figure 1.1.11

Figure 1.1.11 illustrates a projectile launched with the same speed at three different angles. A launch angle of
45° produces a maximum range for any given value of launch speed. This is because the horizontal and vertical
components of the launch velocity are equal (cos45 = sin45 = 0.707). The vertical component causes the projectile
to rise high enough to produce a time of flight that maximises the product between the horizontal component of
the launch velocity and the time of flight. Thus, an angle of 45° produces the largest range.

(i) Effect of launch height and launch angle on range

For a projectile launched at an angle from a given height (e.g. a shot put), maximum range will depend on the
launch angle and the launch height.

Figure 1.1.12 Figure 1.1.13 Figure 1.1.14

The three diagrams above illustrate a projectile being launched from three different heights with the same velocity.
The greatest range is achieved in Figure 1.1.14 i.e. for the greatest launch height of 3 m.

This is because the projectile is in the air for a greater length of time as it falls the extra vertical height. Since range
is given by the product of the time of flight and the horizontal component of velocity then the range is greater
because the time of flight is greater while the horizontal component of velocity remains constant.

Figure 1.1.15 Figure 1.1.16 Figure 1.1.17

8 © Essentials Education



PROJECTILE MOTION TOPIC 1

The above diagrams illustrate a projectile launched from the same height with the same speed at three different
angles. The launch angle progressively decreases from 45° (Figure 1.1.15). Figure 1.1.17 depicts the projectile
being launched from the smallest angle but resulting in the greatest range. It can be concluded that a launch angle
less than 45° produces a maximum range in this case.

This is because a smaller launch angle will result in the horizontal component of the launch velocity being larger
than the vertical component. While the projectile does not rise as high and the time of flight is reduced, the
increase in the horizontal component of velocity results in the product of the horizontal component of the launch
velocity and the time of flight (i.e. range) increasing as the launch angle decreases.

The greater the launch height, the smaller the launch angle that produces a maximum range.

? Science inquiry activity

The following are some possible ideas for science investigations.

1. Use a projectile launcher to investigate the effect of launch angle or launch height on range.
Set up a spreadsheet to investigate the effect of launch height and angle on range.
Investigate the ‘monkey and the hunter’ problem both quantitatively and qualitatively.

Use video footage to analyse projectile motion in a variety of contexts.

ok~ WM

Analyse the constant horizontal component of the velocity qualitatively and quantitatively, using various
recording technologies.

6. Model and demonstrate that the maximum range occurs at an angle other than 45° when the launch
height is different to the landing height.

In terms of projectile motion, analyse footage of students undertaking a sport like shot put.

8. Use concepts from projectile motion to analyse sporting activities such as aerial skiing, golf, javelin,
shot put, and various ball sports.

. Worked Examples

1. A tennis player at the Australian Tennis Open serves a ball horizontally with a speed of 212 kmh™" straight
down the centre line of the tennis court. The ball takes 0.721 seconds to hit the ground on the other side of
the net.

(@) Calculate the height at which the ball was struck.
s= Vot+%at2 = O+% x 9.8 x (0.721)° =255 m

(b) The court has a length of 40.2 m. Calculate the range of the ball and comment on why the serve was
called a fault.

s=vt=%x 0721=425 m

The range is greater than the length of the court. It would land outside the court and therefore
be called a fault.

(c) Determine the velocity with which the ball strikes the ground.

v, =212 _58.9ms —

3.6 58.9 ms™'
Vv, =V, +at 0
=0+9.8x0.721 707 ms—1
=707 | ms’

v=+58.9°+7.07° =59.3 ms™

_7.07 _ o
tane-—58l9 =0=06.84

<J

v=59.83ms" 6.84° below the horizontal

© Essentials Education 9



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

(d)

Determine the displacement of the tennis ball on impact with the ground.

425 m
s=+/42.5°+2.55° = 42.6m 5 >
_ 255 _ o
tanH-—42.5:>6'_3.43 255 m
S=42.6m 3.43° below the horizontal §

2. A golf ballis struck from the ground with a velocity of 25 ms™" and at an angle of 35° above the horizontal.

10

25 ms7

35°

Calculate the magnitude of the horizontal and vertical components of the initial velocity of the golf ball.
v, =V cosf = 25c0835 = 20 ms™
v, =V sinf = 25sin35 =14 ms™

Calculate the maximum height reached by the golf ball.

V2=V +2as
0=14*-2x9.8s
_ 14 _
S=5xgg= 10 M
Calculate the time of flight of the golf ball.
vev,+at o t=V"Ye 0714 4456
a -9.8

Total time in the air = 1.43 x 2 = 2.9s
Calculate the range of the golf ball.
s=vt=20x2.9=58m

State two ways that the golf player can hit the golf ball so that it lands further than the value calculated
in part (d).

The golf player could strike the ball harder so that it has a greater launch velocity or they could
hit the golf ball with the same launch speed but at an angle of 45° above the ground.

Determine the velocity of the golf ball after 2.0 s.

v, =20ms" — 20 ms™

v, =V, +at 2] q
=14-9.8x2
=-56 ms' = 56 ms" |

V=+20°+5.6° =21ms™

_56_ g_1e°
tan0—20=>0 16

v=21ms" 16° below the horizontal

5.6 ms

<J
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PROJECTILE MOTION TOPIC 1

3. Jurgen Schult of Germany broke the world record in 1986 by throwing a discus 74.08 metres.

W

Consider an athlete that releases a discus from a height of 1.60 m, with a speed of 20.0 ms™" at an angle of
40.0° above the horizontal.

(@ Resolve the release velocity of the discus into its component vectors.
v,, = vcosB = 20cos40 = 15.3 ms™
v, = vsinf = 20sin 40 = 12.9 ms™'

(b) Explain why the discus’ velocity is not zero at maximum height.

The discus has two components of velocity. While the vertical component of velocity is zero
at maximum height, the horizontal component is constant. The velocity at maximum height is
therefore 15.3 ms™' horizontally and in the same direction that it was thrown.

(c) Calculate the height reached by the discus as measured from the ground.
Vi =V +2as
0=12.9°-2x9.8s

_129%
S_2><9.8_8'49 m

Total height above the ground = 1.60 + 8.49 = 10.1 m
(d) Calculate the discus’ time of flight.

time to maximum height v=v, +at .. t= —° -;-1 32 s

Time to fall from maximum height s——at2 : \/g— /2X1O =1.44s

total time = 1.32 + 1.44 =2.76 s
(e) Determine whether the world record is broken.
s=vt=153x2.76=422m

The discus falls well short (31.9 m) of the world record. The world record was not broken by
this athlete.

© Essentials Education 11



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

)

4. A multi-image photograph is taken of two identical balls falling
under the action of gravity. Ball 2 is dropped from rest while
Ball 1 is given an initial horizontal velocity. Both balls fall a vertical
distance of 24 cm and the time interval between successive
images is Ls.

(@)

12

Calculate the displacement of the discus at its maximum height.

horizontal displacement s = vt =15.3 x 1.32 =20.2 m

vertical displacement = 8.49 m

$=+20.2°+8.49°=219 m

8.49 o

tang =849 . g-208 >
202 20.2m

$=21.9 m 22.8°above the horizontal

8.49 m

Determine the velocity of the javelin after 2.00 s using

() ascale diagram

v,=153 ms' —
Vv, =V, +at=129-98x2=-67 ms' = 6.70 ms" |
scale: 1 cm=2ms™'

By measurement

v=16.7 ms" 24° below the horizontal

(i) trigonometry
—1
v=+15.3+6.7> =16.7 ms™ 15.3 ms >

_67 . g_onp
tn6 - 0.7 — 6236 o

Vv=16.7 ms™' 23.6° below the horizontal

>
%

50
Explain how the multi-image photograph illustrates that
the horizontal motion of Ball 1 is uniform.

The horizontal distance between successive images
is the same. This means that the ball travels the same
distance every Ls. By definition, the ball is travelling
with a constant velocity in the horizontal direction.

Calculate the magnitude of the acceleration due to gravity
for Ball 2.

The total time taken for the ball to fall 24cm = 0.24 m
is s =0.22s.

s=1at2 La=—S="——""-=99 ms®
2 t 0.22

Comment on the accuracy of the acceleration calculated.

%error = 225380 100-1.0%

The accepted value for the acceleration of an object in free-fall is 9.80 ms=. The experimental value
for the acceleration is very close to the accepted value with only 1.0% error. The value is accurate.

Use your answer to part (b) and evidence from the photograph to state and justify the magnitude of the
acceleration of Ball 1.

The vertical positions of Ball 1 are identical to the vertical positions of Ball 2 as it falls. It can be
concluded that the acceleration of Ball 1 is identical to Ball 2 i.e. 9.9 ms™

© Essentials Education



PROJECTILE MOTION TOPIC 1

Drag forces

A drag force is the unbalanced force that acts to oppose the motion of an object as it moves through a medium
such as air or water.

Drag forces occurs due to collisions between the object and the particles making up the medium. The object
exerts a force on the particles of the medium and by Newton’s Third Law the particles of the medium exert an
equal and opposite force on the object.

Factors that affect drag forces

The drag formula is given by Drag = %CdApvz. In this formula, A, represents the cross-sectional area of the object,
p represents the density of the medium and v represents the speed of the object. C, represents the coefficient of
drag. This is a factor representing the drag acting on an object due to its shape and inclination.

1 Speed

The faster the object moves, the greater the drag force. This is because there are more collisions with the particles
of the medium per unit time.

The drag force is directly proportional to the square of the speed. This means that drag increases significantly with
speed. If the speed of the object doubles, the drag force increases by a factor of four, if the speed triples, the drag
force increases by a factor of 9 and so on.

2 Cross-sectional area

The drag force is directly proportional to the cross-sectional area of the object. This means that the larger the area
of cross-section of the object, the greater the drag force. This is because the object will collide with more particles
of the medium.

3 Density of the medium

The drag force is directly proportional to the density of the medium. This means that a medium with a greater
density produces a greater drag force. This is because there are more particles of the medium packed into a given
volume. The object will therefore experience more collisions with the particles of the medium. It follows that the
drag force is greater than for an object moving through a less dense medium.

Extra understanding

Shape
Plate Cd = 1.28
Triangle Cd = 1.14

Cylinder Cd = 1.00

Elipse Cd = 0.50
Airfoil Cd = 0.45
Figure 1.1.18

The particles of a medium can flow over and around a streamline object. Drag forces are therefore smaller
than for a non-aerodynamic shape with the same area of cross-section (A).

The greater the drag coefficient, the greater the drag force. The objects illustrated in Figure 1.1.18 all have
the same cross-sectional area but experience a different amount of drag due to their shape.
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Terminal velocity

We have already discussed that drag forces experienced by an object moving through a medium increase as the
object speeds up or accelerates. If the drag forces increase to a stage that they equal to the force accelerating
the object, the forces become balanced and the object no longer accelerates but travels with a constant velocity.

Two such examples are discussed below.
1 Skydiving

Air resistance is the unbalanced force that acts to oppose the maotion of an
object moving through the air. Air resistance is an example of a drag force.
Air resistance occurs because a moving object will collide with air particles.

As a skydiver jumps from a plane, they are immediately acted on by the
gravitational force or their weight (W=mg) which acts vertically downwards.
The skydiver accelerates towards the ground. As the skydiver falls the upward
force due to air resistance increases as the velocity of the diver increases.
Eventually the force due to air resistance will balance the downward force
due to the skydiver’s weight and terminal velocity is reached. This is illustrated
in Figure 1.1.19.

air resistance

&

A skydiver falling from a height of 5000 m without a parachute would have a
terminal velocity of around 60 ms™'. This speed would cause death on impact

with the ground. This is why a parachute is used. A parachute increases the weight

surface area in contact with the air and greatly increases the force due to Ev
air resistance. This will decreases the terminal velocity of the skydiver and Figure 1.1.19

ensures a slower and safer descent to the ground.
2 Racing cars

Normal Normal

2 Drag force 40 Drag force

Forward thrust Forward thrust 1’

o [ © “®

Weight Weight
Figure 1.1.20 Figure 1.1.21

Figures 1.1.20 and 1.1.21 illustrate the four forces acting on a racing car. In the vertical direction, the weight of
the car acts downwards and is balanced by the normal force acting upwards (Newton’s Third Law). It follows that
these two forces do not have an effect on the motion of the racing car. In the horizontal direction, the thrust of
the engine turns the wheels and because friction is present, the car accelerates forwards. Drag forces act in the
opposite direction that the car is moving. As the car speeds up, the drag force increases. When the drag force
becomes equal in magnitude to the forward thrust, the racing car reaches terminal velocity.

The car in Figure 1.1.20 is travelling at a lower speed than the car in Figure 1.1.21. The drag force opposing the
motion of the car in Figure 20 is smaller than the forward thrust force. The car can accelerate forward. The drag
force opposing the motion of the car in Figure 1.1.21 is equal in magnitude to the forward thrust force. The car
travels with constant velocity.

In subtopic 1.3 we revisit the forces acting on a vehicle travelling with constant velocity and discuss the force
acting when the vehicle travels along a circular path with constant speed.
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. Worked Example

A light aircraft of mass of 4200 kg starts from rest and accelerates along a straight horizontal runway. The aircraft
engine produces a constant thrust of 6400 N.

(@) Describe the change in the magnitude of the acceleration as the aircraft’s speed increases.

As the aircraft increases its speed, the magnitude of the drag force increases. This means that
the net forward force acting on the aircraft decreases which means that the acceleration of the
aircraft decreases.

(b) State the magnitude of the drag force acting when the aircraft reaches terminal velocity.
6400 N

Effects of air resistance on the motion of a projectile

Figure 1.1.22 illustrates the effect of air resistance on the path of a projectile. The path is no longer parabolic nor
symmetrical. The projectile does not rise as high and the range is reduced.

no air resistance acting

Figure 1.1.22
1 Effect of air resistance on the components of velocity
Air resistance reduces both the horizontal and vertical components of velocity as a projectile moves through the air.
2 Effect of air resistance on maximum height reached

The vertical height (s) reached by a projectile depends on the initial vertical velocity (v, ) and the acceleration (a)
experienced as it rises. The vertical height reached can be calculated using the equation

2 2 2
s=V =V _ Vo
2a 2a

When air resistance acts to oppose the ascending motion of the projectile, the vertical height reached is smaller.
This is because the initial vertical component of velocity (v) does not change but the object decelerates more
quickly than if gravity was acting alone. That is the value of acceleration (a) becomes greater than 9.80 ms=.

3 Effect of air resistance on the time taken to reach maximum height and to fall from maximum height

When air resistance acts, the projectile decelerates more quickly as it rises (greater than if gravity was acting alone
i.e. greater than 9.80 ms™). The projectile therefore reaches maximum height in a short time. As it returns to the
ground it accelerates at a smaller rate (smaller than if gravity was acting alone i.e. smaller than 9.80 ms=). The two
effects almost cancel. The time of flight is generally reduced by a small amount as both the range and maximum
height reached are reduced.

4 Effect of air resistance on range

The product of the horizontal component of a projectile’s velocity and it’s time of flight is used to calculate the
range. While the time of flight may not be reduced significantly when air resistance opposes the motion of a
projectile, the horizontal component of the projectile’s velocity is. It follows that the range is also reduced.
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Science inquiry activity

The following are some possible ideas for science investigations.

1. Determine the terminal velocity of a spherical object by dropping it into a viscous liquid.

2. Determine the drag coefficients by dropping coffee filters or cupcake holders. By manipulating the
mass and recording the time taken to reach the ground, use the air resistance formula to calculate
the drag coefficient.

3. Discuss the conclusions of experiments comparing swimming in syrup with swimming in water:
http://www.nature.com/news/2004/040920/full/news040920-2.html.

& Science as a human endeavour

The following is a possible idea for an investigation.

Explore examples of the way that scientists have been able to develop solutions affecting aerodynamics
(such as shape, texture, and spin) of different objects like balls, planes and cars.

. Exercises

A baseball pitcher throws a ball horizontally with a speed of 40.0 ms™". The ball leaves the pitcher’s hand at
a height of 1.40 m above the ground. The batter stands 18.4 m away. The batter swings but misses the ball.
This is called a strike.

..................................................................................................................... Space for vector diagram
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(d) Calculate the displacement of the ball as it passes the batter.

Space for vector diagram

(e) The pitcher throws the ball harder and therefore with a greater horizontal velocity. Explain how this affects
the height at which the ball passes the batter.

2. A thrill-seeking motorcyclist drives his bike horizontally off the top of a hill 10.0 m above the ground with a
velocity of 80.0 kmh'.

(@) Calculate the time taken for the motorcyclist to reach the ground.

(b) Calculate the range of the motorcyclist.
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©)]

Determine the velocity of the motorcyclist on impact with the ground.

(d)

Space for vector diagram

Being a thrill seeker, the motorcyclist rides off the top of the hill several times in an attempt to increase
his range. The greatest range he achieves is 52.0 m. Calculate the speed with which the motorcyclist left
the top of the hill in order to achieve this range.

Explain why the range of the motorcyclist increases if the motorcycle is driven off a higher hill with the
same speed.

3. A balloon is drifting across the countryside with a velocity of 10.0 ms™ in an easterly direction. A marble is
dropped over the side of the balloon and takes 11.2 s to hit the ground.

(@)

a marble is released as the
balloon drifts in an easterly
direction

Calculate the height above the Earth’s surface at which the balloon is drifting.

18
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(b) Calculate the magnitude of the marble’s horizontal displacement.

(d) Draw a vector triangle which represents the velocity of the marble on impact with the ground. Use it to
determine the velocity with which the marble hits the ground.

Space for vector diagram
(e) Describe the path of the marble as seen by

() the balloonist

(i) aperson standing on the ground
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4. A multi-image photograph is taken of two identical balls falling 1.80 m under the action of gravity. Ball 1 is
dropped from rest while Ball 2 is given an initial horizontal velocity. The time between successive images is

0.100 s.
Ball 1 Ball 2
2.00
S 1.80¢
'g 1.60¢
9 1.40 ¢
[@)]
2 1.20
= 1.00¢
2
g 0.80
@ 0.60¢
<
5 0.40
(0]
kS 0.20
0.00¢ 0.00 0.50 1.00 1.50 2.00 2,50 3.00 3.50

=

Horizontal distance (m)

Show that Ball 1 accelerates vertically downwards at 10.0 ms=.

20

Space for vector diagram
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5. A model rocket is fired at 40.0 ms™, 30.0° to the ground.

y

Calculate the

(@ magnitude of the initial components of the model rocket’s velocity.

(b) maximum height H, reached by the model rocket.

(c) time taken for the model rocket to reach its maximum height.

(d) displacement of the model rocket at its maximum height.

Space for vector diagram
(e) range of the model rocket and state one other launch angle that produces the same range.
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() velocity of the model rocket after 1.50 s.

........................................ Space for vector diagram
6. A golf ball is struck with a velocity of 25 ms™" and at an angle of 45° above the ground.

(@) Calculate the magnitude of the components of the golf ball’s initial velocity.

(b) Calculate the height reached by the golf ball.

(c) Determine the time of flight for the golf ball.

(d) Calculate the range of the golf ball.

(e) Use a scale diagram to determine the velocity of the golf ball after 1.5 s.

Space for vector diagram
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The golfer now strikes another golf ball with the same speed but at an angle of 60.0° above the ground.
State whether each of the following quantities is smaller, larger or unaffected when compared to the golf
ball struck at 45°.

(i) range

(i) height reached ..

(i) time of flight

A hockey ball is struck with a velocity v, at an angle 6 above the ground. The ball reaches a height of 0.82 m
above the ground and travels a horizontal distance of 4.0 m. Air resistance can be considered to be negligible.

(@)

State the change, if any at all, in the magnitude of the

(i)  horizontal component of velocity during the hockey ball’s time in the air.

(i) vertical component of velocity as the hockey ball rises.

(i) vertical component of velocity as the hockey ball falls.

Calculate the

()  magnitude of the initial vertical component of the hockey ball’s velocity.

(i) hockey ball’s time of flight.

(i) velocity with which the hockey ball was struck.

©)]

...................................... Space for vector diagram

Describe and explain the effect that a significant amount of air resistance would have on the range and
height reached by the hockey ball.
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8. Consider the multi-image diagram shown below.

©
o

— 8.0

o N
o O

£
C
.0
=]
D
@)
[l

© =~ M o h~ O
O O o o o o

(@) Describe, with reason what the multi-image diagram indicates about the horizontal motion of the object.

(c) On the diagram, draw vector arrows that represent the velocity of the object at 0.4 s and 2.0 s.
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9. An athlete releases a javelin from a height of 2.00 m, with a velocity of 23.0 ms™" 40.0° above the horizontal.

(@) Resolve the initial velocity of the javelin into it's component vectors.

(b) State, with reason, the javelin’s velocity at maximum height.

(c) Calculate the height reached by the javelin.

(d) The javelin is thrown 55.4 m. Calculate the time the javelin spends in the air.

(e) Another taller athlete throws the javelin with the same velocity. Explain why the taller athlete will throw
the javelin further.
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10. A snowboarder makes a jump from a hill made of snow with a velocity of 9.0 ms™, 45° above the horizontal.

(@)

(b) The snow boarder lands 1.5 m below the launch position. Calculate the time that the snowboarder
spends in the air.

(c) Calculate the magnitude of the horizontal displacement achieved by the snow boarder.
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(d) Suggest two ways the snowboarder could achieve a greater horizontal displacement.

() Draw a vector arrow to represent the velocity of the snow boarder at maximum height.

11. A basketball player shoots and scores a goal. The vertical component of the ball’s velocity as it leaves the
player’s hand is 7.00 ms=". The ball is thrown at an angle of 40.0° above the horizontal. The ball is released at
a height of 2.00 m and the goal hoop is 3.05 m above the ground and 10.0 m from the player.

< 10.0m

(@) Calculate the magnitude of the velocity v, with which the ball is thrown.

(b) Calculate the horizontal component of the ball’s initial velocity and hence calculate the time taken for the
ball to reach the goal hoop.

(c) Show that the ball takes 0.714 s to reach its maximum height.
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(d)

Calculate the magnitude and direction of the ball’s velocity as it passes through the goal hoop.

)

............................................. S’Oace for Vector d/agram
Determine the displacement of the ball as it passes through the goal hoop.

............................................. Space for vector diagram

12. Two athletes can exert the same force on a ball when they throw it, to produce the same launch speed. One
athlete is considerably taller than the other. Assuming they release the ball from the same point relative to
their body;

(@)

State which of the two athletes should throw the ball at a larger angle above the horizontal in order to
achieve a maximum range.

13.

If the ball is launched at 10.0 ms™ and at and angle of 40.0° above the horizontal, state the magnitude
of each of the following quantities at the maximum height:

() acceleration _.

i) horizontal component of velocity

(
(i) vertical component of velocity
(

iv) velocity ..

The line drawn in blue below represents the path taken by a projectile in the absence of air resistance. On the
same diagram, draw a red line to represent the path when a significant amount of air resistance acts on
the projectile.

28

== NO air resistance
= Alr resistance
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14. The aeroplane shown below is flying with a constant velocity. Place labels in each of the four boxes to name
the force acting in each direction indicated by the red arrows.

15. A55.0 kg student exerts a force of 58.0 N on a bicycle of mass 20.0 kg in order to accelerate forwards. A total
drag force of 16.0 N acts.

(@) Draw labelled vector arrows on the diagram below to represent the forces acting on the bicycle.

(b) State the magnitude and direction of the resultant force on the bicycle.

(c) Calculate the magnitude and direction of the acceleration of the bicycle.

(d) Explain why terminal velocity will be reached as the student increases their speed.

© Essentials Education 29



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

16. A 200 g ball falls vertically through the air with a constant velocity.
(@) Draw labelled vector arrows on the diagram below to represent the forces acting on the ball.

ball ‘

(b) Calculate the magnitude of the drag force acting on the ball. Justify your answer.

17. The following graph represents how the speed of two falling objects changes with time. One object is acted
upon by air resistance while the other is not.

Object 1
10.07
8.0 .
P Object 2
-
= 6.0 /
>
S 4.01
=
2.01
0
0 1.0 2.0 3.0 4.0 5.0

Time /s
(@) State which of the two objects is being acted upon by air resistance.

(b) Describe and explain how the motion of the two objects differ.
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18. The drag formula is given by Drag = %CdApvz. In this formula, A, represents the area of cross-sectional
area of the object, p represents the density of the medium and v represents the speed of the object. Cd
represents the coefficient of drag. This is a factor representing the drag acting on an object due to its shape
and inclination.

A student is planning to investigate the relationship between the drag forces experienced by a toy car and its
speed in a wind tunnel.

(@) State in words, the expected relationship between the drag force experienced by the toy car and the
speed of the toy car.

(b) The student plans to plot a graph in order to establish this relationship. The student plans to plot the drag
force acting on the vertical axis. Add the quantity that should be plotted on the horizontal axis.

VN

Drag

n
L4

(c) Describe the appearance of the line of best fit that the student would expect if the relationship between
the drag force and speed is successfully established.

© Essentials Education 31



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

1.2 Forces and momentum

Science understanding

1. Momentum is a property of moving objects and is defined as the product of the mass and the velocity of the
object. It is conserved in an isolated system and may be transferred from one object to other objects when
a force acts over a time interval.

Kinetic energy is a property of moving objects, and is given by the formula E :%mvz.

Newton’s Second Law of Motion can be expressed as two formulae, F =ma and F _Ap

AP’ where p=mv is
the momentum of the object.

e DeriveF = AA% by substituting the defining formula for acceleration (@ = %—‘?) into Newton’s Second Law of
Motion, F = ma, for particles of fixed mass. (The net force F , and hence the acceleration & are assumed
to be constant. Otherwise, average or instantaneous quantities apply.)

e Draw vector diagrams in one dimension or in two dimensions (with right-angled or equilateral triangles)
in which the initial momentum is subtracted from the final momentum, giving the change in momentum,

AD. L
e Solve protglems (in both one dimension and in two dimensions) using the formulae F =ma, F =i—? and
Ex =3mv°,

2. Newton’s Third Law of Motion states, F, = —F,. Momentum is conserved in an isolated system of particles. In
such a system, the particles are subject only to the forces that they exert on each other.

e Derive a formula %xpressing the conservation of momentum for two interacting particles by substituting
F, =% and F, =% into F, =-F,.

e Use the law of the conservation of momentum to solve problems in one and two dimensions.

e  Use vector addition or subtraction in one dimension or in two dimensions (with right-angled or equilateral
triangles) to solve problems using the law of conservation of momentum.

e Analyse multi-image representations to solve conservation of momentum problems, using only situations
in which the mass of one object is an integral multiple of the mass of the other object(s). The scale of
the representations and the flash rate can be ignored.

3. The conservation of momentum can be used to explain the propulsion of spacecraft, ion thrusters, and solar
sails.

e Use the conservation of momentum to describe and explain the change in momentum and acceleration
of spacecraft due to the emission of gas particles or ionised particles.

e Use the conservation of momentum to describe and explain how the reflection of particles of light
(photons) can be used to accelerate a solar sail.

e Use vector diagrams to compare the acceleration of a spacecraft, using a solar sail where photons
are reflected with the acceleration of a spacecraft, and using a solar sail where photons are absorbed.

Many of these ideas have been introduced in Stage 1 through one-dimensional situations. The focus here should
be on two-dimensional situations.

This topic uses the concepts of acceleration and force developed in the Stage 1, Subtopics 1.1: Motion under
Constant Acceleration and 1.2 Forces and Momentum.
Momentum

The concepts of momentum and impulse were introduced in the Stage 1 Workbook and applied to one-
dimensional situations. The Stage 2 Subject Outline requires students to solve problems in both one dimension
and two dimensions.

Momentum p is defined as the product of an object’s mass and velocity.
p=mv
where m is the mass in kilograms (kg) and v is the velocity in ms™.
Momentum is a vector quantity which means that it has both magnitude and direction.

The unit of momentum can be written as kgms™ or sN (this unit is explained below).
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Newton’s Second Law in terms of momentum

Newton’s Second Law F =ma, can be expressed as F = % where Ap is the change in momentum.

Derivation

_ V.-V
F =ma=m(———

_mvf_m\_/} _l_jf_f_j/

) Ap
AT AT AT T AT

This equation means that Newton’s Second Law can be expressed as the time rate of change in momentum.
The force exerted on an object is directly proportional to the change in momentum experienced by the object and
inversely proportional to the time over which the force acts. Rearranging the formula gives Ap = AtF. This leads to
the idea that the unit of momentum can be expressed as sN.

. Worked Examples

1. A 50.0 g super ball strikes the ground and bounces without a loss in speed.

12.0 ms™

s

(@) Calculate the change in velocity AV, of the super ball.
AV =V, -V =12.01-12.0{=12.01+12.01=24.0 ms™" 1 (i.e. 90° away from the surface of the ground)

(b) Calculate the change in momentum Ap of the super ball.
AD=mAV =0.0500 x 24.0 = 1.20 kgms™ or s\N 1 (90° away from the ground)

(c) The super ball is in contact with the ground for 0.0100 s. Calculate the magnitude and direction of the
force that the super ball exerts on the ground.

Using Newton’s Third Law, F gand = —F tan =120N | (i.e. 90° towards the ground)
(d) Calculate the acceleration & experienced by the super ball over the period of 0.0100 s.

E or a _Av can be used
m At
E
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2. Consider the same super ball from question 1. This time, the super ball collides with the ground at an angle
as shown in the diagram below.

1
12.0ms 12.0 ms!

45.0°r 45.0°

(@ Calculate the magnitude and direction of the change in momentum of the super ball.

You could follow the process in question 1(a) and (b) or find the change in momentum directly
as shown below.

AD =P, - B, =mv, -mv, =0.0500 x 12.0 # - 0.0500 x 12.0 X

AP = 0.600 ~ +0.600 X\

AD =+/(0.600)2 + (0.600)2 = 0.849 SN

_0.600 . o_ 450
tang = 3:909 . 6= 45.0

Ap=0.849 sN 90° away from the ground

(b) Calculate the force that the super ball exerts on the ground in this situation.

Using Newton’s Third Law, F gand = —F tar = 84.9N | (i.e. 90° towards the ground)

Law of conservation of momentum

The law of conservation of momentum states that in an isolated system where no external forces act, the total
momentum of the system before an interaction is equal to the total momentum of the system after an interaction.

The Stage 2 Subject Outline specifically refers to a system of two interacting particles but the law extends to any
number of particles.

Derivation

The law of conservation of momentum can be derived by considering two interacting particles which are subject
only to the force of each other.

Consider the two particles colliding head-on.

A 4

According to Newton’s Third Law of Motion: F, = -F,

According to Newton’s Second Law of Motion: F = i—‘?
It follows that:
At At

MV =MV, = =MV =M, \5)
My =MV = =MV +T50,

MYV +MyVor =MVt MoV

i.e. The total initial momentum is equal to the total final momentum.
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- Worked Examples

1. Two masses m, = 2.0 kg and m, = 8.0 kg are moving East on a smooth horizontal surface with speeds
2.0 ms™ and 1.5 ms™ respectively. The two masses collide and after the collision m, = 8.0 kg continues to
move in an easterly direction with a speed of 1.7 ms.

2.0 ms™ 1.5 ms™ . 1.7 ms™'
m, =2.0 kg m, =8.0 kg m,=2.0kg m,=8.0kg
Before the collision After the collision

(@) Determine the magnitude and direction of the velocity of the 2.0 kg mass after the collision.
Using the law of conservation of momentum p, = p,
MV, + MV, = MV, + M,V,,
2.0x2.0—+8.0x1.5—==2xv+8.0x1.7 —

40—-+12 »=2.0xv +136—
16 - =2.0xv +13.6 —
16 - -13.6 == 2.0xv
16 — +13.6<=2.0xv
24— =2.0xv
v=—2'4_> =12 ms"' —
2.0
i.e. .2 ms' East

Note: Direction can be defined as positive to the right and negative to the left as discussed
in the Stage 1 Workbook. If this is the case, the value for v will be negative and indicates the
velocity is to the West.

(b) State any assumption that you have made in calculating your answer.
The system is isolated i.e. no external forces are acting.

2. A 166 g ice hockey puck travelling with a velocity of 10.0 ms™ West, collides with an identical puck travelling
with a velocity of 13.0 ms™" North. After the collision the ice hockey pucks stick together and move off as one
mass. Assume any frictional forces to be negligible.

10.0 ms™ :

13.0 ms™

(@) Calculate the total initial momentum of the ice hockey pucks.

P, = Myy +MyV, = 0.166 x13.0 1 + 0.166 x10.0 < = 2.1581 +1.66 < 1.66 sN

p =/(1.66)° +(2.158)% =2.72 sN o0°

2.158 sN
_166 . g_376°

tng -0 . 6-376

p =272 sN N37.6°W

Nel}
D
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(b) State the total final momentum of the ice hockey pucks and hence calculate the velocity of the pucks
after the collision has occurred.

P, =2.72 sN N37.6°W
Total mass = 332 g
Pr =My V; =2.72

. _ 272 _ ~1 o
- Vi=0330 819 ms— N37.6°W

3. Two gas particles collide as shown below.

Q_._ __

6.0 ms™ Stationary
2.0 x10%" kg 4.0 x10%7 kg

(@) Calculate the total initial momentum of the gas particles before the collision occurred.
P =MV, + MV, =6.0 x 2.0 x 107 -»=12x10" sN —
(b) State, with reason, the total final momentum of the gas particles.

Assuming the system is isolated, then using the law of conservation of momentum, the total
initial momentum is equal to the total final momentum.

pf=1.2><‘10'26 SN —

(c) Determine the velocity V of the initially stationary gas particle after the collision has occurred.

—27, g
S|n60 = w ] Vb/ue = 26 nqs_1 2.0 x 107 Vincigent 4.0 x 107

1.2x107%

Voo = 2.6 ms™' 30° below the horizontal 60° )

1.2 x 10%°sN

4. A nucleus of mass 5.00 x 10?7 kg decays by ejecting two particles A and B. Particle A has a mass of
2.00 x 10?"kg and is ejected with a velocity of 150 ms™ North. Particle B has a mass of 1.60 x 10" kg and
is ejected with a velocity of 200 ms™ in an easterly direction.

A
2.00 x 10?7 kg
150 ms™
Recoiling
daughter . —>
nucleus B
1.40 x 10%"kg 1.60 x 10%"kg
200 ms™

(@) State the total initial and final momentum of the system. Justify your answer.
The original nucleus was stationary so the initial momentum is O sN.

Assuming the system is isolated and using the law of conservation of momentum, the total
initial momentum is equal to the total final momentum. The final momentum is also O sN
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(b) Determine the ‘recoil’ momentum of the remaining (daughter) nucleus.
B =D, 3.2x10%°sN
O0=m,V, +MyVs + Py 90° 0
0=2.00x10%x1501+1.60 x107% x 200 — +F5,,
0=38.0x10"1+3.2x10% = +P,,
Doy =(3.0x10%F +(32x10°F = 4.4x10% sN

3.0x10%°sN
PoN

tan0=‘r§'gx—]8:§: . =432
L X

Boy = 44x10% sN W43 S

(c) Calculate the recoil velocity of the daughter nucleus.

Pon = MppVpn
4.4%x107% =1 .4x10'27vD,V
Vpy =310ms™ W43 S

Multi-image representations

Multi-image representations such as Figure 1.2.1 below can be analysed to determine whether momentum is
conserved during a collision involving two or more particles. The term ‘particle’ can refer to any object or body.

Any flash rate involved in taking the image can be ignored because the time (Af) between successive images is
constant. Figure 1.2.1 therefore indicates that the objects are travelling with constant velocity both before and after
they collide. This is because v=% and the distance (s) between successive images is constant. This indicates that
the system is isolated.

Since V=§ , it follows that the velocity is proportional to the distance travelled between successive images.

Since p = mv, the momentum is proportional to mass and the distance between successive images. This means
that both the time interval between the images and the actual mass of the object can be ignored. The momentum
of an object of mass m can be representation by a vector arrow connecting two successive images. An arrow
twice the length (i.e. across two time intervals) is drawn for an object with mass 2m, an arrow three times the
length (i.e. across three time intervals) is drawn for an object with mass 3m etc.

o
o ® After the
® PY collision
o o
o o
o
® ®
o
o
® ®
o o
o
o ® \ Before the
° o collision
® Mm,=4m
o

Figure 1.2.1
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- Worked Example

The multi-image representation below captures the collision between two pucks on an air table. Draw appropriate
vector arrows to show that momentum is conserved during this collision.

Direction of
puck after
the collision

Direction of
/ puck after
Pum the collision

. /é m It can be seen that the vector arrow that
represents the total initial momentum 7
is equal in length and parallel to the
vector arrow that represents the total
final momentum £~ Momentum is
conserved in this collision.
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Spacecraft propulsion

Change in momentum and acceleration of a spacecraft due to the emission of gas particles or ionised
particles.

exhaust gases gain
momentum in this
direction

/
rocket gains

— momentum in this

direction

Figure 1.2.2

A spacecraft can accelerate forward by emitting gas particles or ionised particles such as xenon ions created by
bombarding xenon gas particles with electrons. The incident electrons collide with electrons in the xenon atoms
removing them from the xenon atoms. The xenon atoms now have a net positive charge. They are referred to as
xenon ions. The xenon ions are then accelerated to the rear of the spacecraft.

The spacecraft and its onboard propulsion gas can be considered an isolated system. When the spacecraft
gjects charged particles with a large velocity from its rear it will gain momentum and accelerate in the opposite
direction to the ejected charged particles. This is because the charged particles gain momentum towards the rear
of the spacecraft. Using the law of conservation of momentum, the total momentum of the system must remain
constant. As a consequence, the spacecraft gains an equal magnitude of momentum but in the opposite direction
to the charged particles. A gain in momentum leads to a gain in velocity and by definition an acceleration.

Figure 1.2.2 illustrates how a spacecraft can gain momentum by emitting charged particles or ions. Figures 1.2.3
and 1.2.4 illustrate xenon ion discharge from ion thrusters on spacecraft.

.‘.'s
M
i

Figure 1.2.3 Figure 1.2.4
Xenon ion discharge from the NSTAR ion thruster of Deep Space 1. Credit: NASA
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Acceleration of solar sails by the reflection of light particles (called photons)

motion of solar sail

Figure 1.2.5

Figure 1.2.5 illustrates a light particle (or photon) striking a solar sail. When it is reflected it will experience a
change in momentum because its direction of motion has changed. In accordance with the law of conservation
of momentum, the total momentum of the system remains unchanged. The solar sail will experience the same
change in momentum (Ap__) as the incident light particle but in the opposite direction.

The force exerted on the solar sail by the incident photon is given by £, = Aﬁ?"’ where At is the time over which the

reflection occurs. In accordance with Newton’s Second Law, the solar sail will experience an acceleration given

sal/)

F_
bya ,=—sal
Y G msaf/
When many light particles (say n) are reflected the resultant acceleration of the solar sail is given by a_,= ;%_;éf/.

sail

Comparing the acceleration of a spacecraft using a solar sail where photons are reflected from the
solar sail to the acceleration of a spacecraft using a solar sail where photons are absorbed by the solar
sail.

%p -
P
a

, @
—@

P solar sail
Ab=p;-p =p<=-p—=>=2p< Ap=p;-p=0-p—=>=p<
Photon being reflected Photon being absorbed
Figure 1.2.6 Figure 1.2.7

Figure 1.2.6 illustrates a photon of momentum p to the right being reflected from a solar sail. The photon
experiences a change in momentum of 2p directed to the left.

Figure 1.2.7 illustrates the same photon being absorbed. This time the photon only experiences a change in
momentum of magnitude p directed to the left.

In accordance with the law of conservation of momentum, the change in momentum experienced by the solar
sail is equal in magnitude and opposite in direction to the collective change in momentum experienced by the
many incident photons that strike the sail. It follows that the solar sail gains twice the momentum when the

incident photons are reflected. Since ;= Ais;” and a,= rrl;;a’{ , this means that the force and hence acceleration

sail
experienced by the solar sail when photons are reflected rather than absorbed from its surface is twice as large.

40 © Essentials Education



FORCES AND MOMENTUM TOPIC 1

. Worked Example

A satellite has an initial mass of 750 kg. It emits 50 kg of particle emissions with a velocity of 210 ms™.

Calculate the gain in velocity of the satellite.
Using the law of conservation of momentum

O msate/l/t&zyectedpanlcles Vsate/l/teLe/ectedpamcles + mpamc/es particles
0=700v+50x210 <«

O0="700v +10500 <

10500 -1y
=00 =15m

i.e. 15ms in the opposite direction to the ejected particles

? Science inquiry practical

Use the conservation of momentum to determine the speed of a projectile by firing it into a trolley.

& Science as a human endeavour

Some ideas:

Ve

1. Investigate how the use of the law of conservation of momentum was used to predict the existence
of neutrinos.

2. Explore perspectives in the public debate about economics of space exploration. Is government
funding likely to be maintained?

3. Research the most appropriate types of spacecraft propulsion for journeys to different destinations,
considering technical challenges and speculative technologies.

. Exercises ‘

A particle of mass 10.0 g collides a wall as shown below.

5.00 ms™

Before colliding with the wall After colliding with the wall

(a) Calculate the change in velocity AV of the particle.
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(d) State, with reason the force F that the particle exerts on the wall.

2. A 200 g particle collides with a wall as shown below.

] 8.0 ms™
m 45°

. /5°

8.0 ms™

""" Space for vector diagram
(b) Determine the force that the particle exerts on the wall if the collision occurs in a time of 1.00 x 102 s.

3. A 65.0 g tennis ball collides with the ground as shown below. The tennis ball is in contact with the ground for
atime of 3.00 x 102 s

5.00 ms™! 5.00 ms™

30.0°

v

(@) State the change in speed of the tennis ball.
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(o) Calculate the change in velocity AV of the tennis ball.

Space for vector diagram
() Calculate the force F experienced by the tennis ball.

4. The graph shown below illustrates how the momentum of an object varies with time t.
120.0

100.0

80.0

60.0

40.0

Momentum (sN)

20.0

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time (s)

(@ Explain why the gradient of the line represents the force acting on the object.

(b) Hence, calculate the magnitude of the force acting on the object.
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5. (a) State the law of conservation of momentum.

(b) Describe what is meant by an isolated system.

6. Derive the law of conservation of momentum by considering a two particle interaction where the particles are
subject only to the force between each other.

Space for diagram

7. Consider the collision below between a black ball and a white ball billiard ball. Assume that the collision
occurs in an isolated system. The balls are in contact for a time of 0.040 s during the collision.

m,=50g My =759
BEFORE 0.50 ms™ 0.40 ms™
COLLISION
0.30 ms™

AFTER
COLLISION .

(@) Determine the magnitude and direction of the final velocity of the black ball after the collision.
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(o) Calculate the magnitude and direction of the change in momentum Ap of the black ball.

(c) Determine the force F that the black ball exerts on the white ball.

A particle of mass m, travelling with a velocity v to the right collides with another stationary object that has
three times the mass of the first particle. The initially stationary object moves off with a velocity of %v to the
right.

—— @ ® (.i»

m 3m

Before the collision After the collision

(@) Write an expression for the total initial momentum of the system.

(c) Write an expression in terms of v for the magnitude and direction of the velocity of the object of mass m
after the collision.
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9. Acarof mass 1.00 x 10° kg is initially moving due South with a velocity of 72.0 km h='. Another car of mass
1.40 x 10° kg is travelling due West with a velocity of 60.0 km h'.

The cars collide on a wet intersection and stick together after the collision.

(@ Determine the magnitude and direction of the total initial momentum of the two cars.

........................................ Space for vector djagram
(b) State, with reason, the total final momentum of the two cars.

(c) Calculate the combined velocity V of the cars after the collision.

10. An ice skater of mass 55.0 kg is skating in a westerly direction with a speed of 5.55 ms™ while another ice
skater of mass 60.0 kg is skating with a speed of 7.22 ms~"in a northerly direction. The skaters meet and hold
hands so that they move off as one mass.

«— (@ 550kg
5.556 ms™

60.0 kg
7.22 ms™
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(@ Calculate the total initial momentum of the ice skaters.

......................... Space for vector diagram

(b) Calculate the final velocity of the ice skaters after the collision as they move as one combined mass.

11. A 3.00 kg mass moving with a velocity of 4.00 ms™" North on a frictionless surface, collides with an unknown mass
which is initially stationary. The 3.00 kg mass moves off at an angle of 45.0° to the right of its initial path, while the
unknown mass moves off at 4.00 ms™ at an angle of 45.0° to the left of the 3.00 kg masses’ initial path.

O Stationary

3.00 kg
4.00 ms™'

Before the collision After the collision

Calculate the
(@ total initial momentum of the system.

(b) speed of the 3.00 kg mass after the collision.

Space for vector diagram
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(¢) magnitude m  of the unknown mass.

(d) magnitude of the change in momentum of the unknown mass.

(e) magnitude of the force acting on each mass given that the collision lasts for 0.0500 s.

12. The diagram below illustrates the collision between two masses m, and m,. You can assume that m, was
originally at rest and that the collision takes place in an isolated system.

m; =6.0kg m, = 4.0 kg 60°
O — - [ J— ,
15 ms-! 60°

(@) Determine the speed of m, after the collision.

Space for vector diagram
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(o) Determine the speed of m, after the collision.

500 ¢ 300 g
15 ms™’ 25 ms™!

(@) State the total initial and final momentum for the explosion.

(b) Calculate the speed of the 750 g mass after the explosion.

............................................. Space for vector djagram

14. Atoy rocket of mass 1.45 kg is travelling with a speed of 18.0 ms™" when it explodes into two pieces; the nose
section (m = 0.60 kg) and the tail section. The nose section moves off as shown with a speed of 6.00 ms™.

4 6.00 ms-!
0.60 kg
nose
2 18.0 ms™' 1.45 kg
— B S—
tail
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(@ Calculate the momentum of the rocket before it exploded.

(b) Show that the angle 6 is approximately 98°.

(Space for vector diagram)

(c) Calculate the magnitude of the velocity of the tail piece after the explosion.

15. Consider the multi-image representation shown below.

Show that momentum is conserved both in its magnitude and direction during the collision.
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16. Two ice hockey pucks collide. The path taken after the collision by the puck with mass 2m is shown in the
diagram. One position of the puck with mass m is shown after the collision. Draw the next two successive
positions for the puck with mass m after the collision.

o
0
2000 O
€

— C

o
/

€

17. (@) Consider the multi-image diagram below. Show that the law of conservation of momentum is not obeyed
during this collision.

(b) Suggest a possible reason for the law of conservation of momentum not being obeyed during this collision.
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18. The multi-image representation below depicts an explosion. Two fragments of mass 3m and one of mass 2m
fly off in the directions shown.

Show that momentum is conserved during this explosion.

I 3m
19. (@ Use the law of conservation of momentum to explain how a spacecraft can gain speed in a given
direction by emitting ionised particles.

(b) A spacecraft of mass 5.00 x 10* kg, increases it speed from rest to 5.00 ms™ relative to a second
spacecraft by emitting ionised particles with a speed of 50.0 ms™'. Calculate the mass of ionised particles
emitted in order to achieve this gain in speed.

20. Asolar sail is fitted to a spacecraft of mass 850 kg. Photons with a momentum of 2.0 x 1027 sN are reflected
from the solar sail.

(@) Determine the change in momentum of the photons as they are reflected from the solar sail.
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If 5.0 x 10%° photons are reflected per second, calculate the total change in momentum of the photons
per second.

21.

A given solar sail has a highly reflective surface. Explain why photons of light reflected from the solar sail
can result in the acceleration of the solar sail.

(b)

A solar sail made from an absorbent material will not accelerate at the same rate as a highly reflective
solar sail. Compare with reason, the acceleration of the reflective and black sail solar sails.
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1.3 Circular motion and gravitation

Science understanding

1. Centripetal acceleration occurs when the acceleration of an object is perpendicular to the velocity of the
of the object. An object that experiences centripetal acceleration undergoes uniform circular motion. The

centripetal acceleration is directed towards the centre of the circular path.
2
The magnitude of the centripetal acceleration is constant for a given speed and radius and is given by a :VT'

The formula v=% relates the speed, v, to the period, T, for an object undergoing circular motion with a

radius, r. T

2 =
e  Solve problems involving the use of the formulae a :VT’ and v :2_7_r and F=ma.

e Use vector subtraction to show that the change in the velocity AV, and hence the acceleration, of an
object over a very small time interval is directed towards the centre of the circular path.

4. On a flat curve, the friction force between the tyres and the road causes the centripetal acceleration.
To improve safety, some roads are banked at an angle above the horizontal.

e Draw a diagram showing the force vectors (and their components) for a vehicle travelling around a flat
curve and around a banked curve.

e Explain how a banked curve reduces the reliance on friction to provide centripetal acceleration.
Objects with mass produce a gravitational field in the space that surrounds them.
An object with mass experiences a gravitational force when it is within the gravitational field of another mass.

Gravitational field strength, g, is defined as the net force per unit mass at a particular point in the field.

® N o O

This definition is expressed quantitatively as Q=£, hence it is equal to the acceleration due to gravity. The
magnitude of the acceleration due to gravity at the surface of the Earth is 9.80 ms=2.

9. All objects with mass attract one another with a gravitational force; the magnitude of this force can be
calculated using Newton’s Law of Universal Gravitation.

Every particle in the universe attracts every other particle with a force that is directly proportional to the
product of the two masses and inversely proportional to the square of the distance between their centres.
Gmm,

r2

The force between two masses, m, and m,, separated by distance, r, is given by: F =

e  Solve problems using Newton’s Universal Law of Gravitation.

e Use proportionality to discuss changes in the magnitude of the gravitational force on each of the masses
as a result of a change in one or both of the masses and/or a change in the distance between them.

e Explain that the gravitational forces are consistent with Newton’s Third Law.

e Use Newton’s Law of Universal Gravitation and Second Law of Motion to calculate the value of the
acceleration due to gravity, g, on a planet or moon.

10. Many satellites orbit the Earth in circular orbits.

e Explain why the centres of the circular orbits of Earth satellites must coincide with the centre of the Earth.

e Explain that the speed, and hence the period, of a satellite moving in a circular orbit depends only on
the radius of the orbit and the mass of the central body (m,) about which the satellite is orbiting and not
on the mass of the satellite.

e  Derive the formula v = /% for the speed, v, of a satellite moving in a circular orbit of radius, r, about
r

a spherically symmetric mass, M, given that its gravitational effects are the same as if all its mass were
located at its centre.
11. Kepler’'s Laws of Planetary Motion describe the motion of planets, their moons, and other satellites.

12. Kepler’s First Law of planetary motion: All planets move in elliptical orbits with the Sun at one focus.

13. Kepler's Second Law of Planetary Motion: The radius vector drawn from the Sun to a planet sweeps equal
areas in equal time intervals.

e Use Kepler’s first two laws to solve problems involving the motion of comets, planets, moons, and other
satellites.

14. Kepler’'s Third Law of Planetary Motion shows that the period of any satellite depends upon the radius of its orbit.
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2
15. For circular orbits Kepler’s Third Law can be expressed as: T2 =éiMr3.
2
Derive: T2=27 /%,
. erive e
2
e Solve problems involving the use of the formulae v = /G—M % =2—7’fr and T? =éiMr3.
r

e Explain why a satellite in a geostationary orbit must have an orbit in the Earth’s equatorial plane, with a
relatively large radius and in the same direction as the Earth’s rotation.

e Explain the differences between polar, geostationary, and equatorial orbits. Justify the use of each orbit
for different applications.

e Perform calculations involving orbital periods, radii, altitudes above the surface, and speeds of satellites,
including examples that involve the orbits of geostationary satellites.

This topic uses the concepts of acceleration and force developed in the Stage 1, Subtopics 1.1: Motion under
Constant Acceleration and 1.2 Forces.

Uniform circular motion

Uniform circular motion involves an object moving with constant speed in a circular path. The velocity at any
point is at a tangent to the circular path.

9
"4
E¢ =~ V
PN “\
S 2 5
a
\
9
v/i a \ ‘I
|
1 / P ' -
\ a v
9
a g ’
_)\\ fl,
VN T~ Gmm—
>
v
Figure 1.3.1

Figure 1.3.1 shows Zhﬁt the object is constantly changing direction. This means that the velocity is constantly
changing. Since & =48 an object undergoing uniform circular motion is accelerating.

The name given to this acceleration is centripetal acceleration (g) and it can be shown using a vector subtraction
that this acceleration is directed towards the centre of the circular path.

Centripetal acceleration

The acceleration experienced by an object undergoing uniform circular motion always act perpendicularly to the
object’s velocity and towards the centre of the circular path.

A vector subtraction can be used to show that the change in velocity and hence acceleration, over a short time
interval is directed towards the centre of the circular path.

Consider an object moving in a circular path with constant speed v as shown in Figure 1.3.2. Its velocity is at a
tangent to the circular path at any instant of time. The magnitude of the velocity does not change, but its direction
changes instantaneously as it moves around the circle. Consider the object moving from point A to B over a small
time interval At.
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<{

Figure 1.3.2

The change in velocity is given by AV =V, — . From the vector subtraction shown on the diagram, it can be seen

that the change in velocity is directed towards the centre of the circular path.

Since & =%, it follows that acceleration is directed towards the centre of the circular path.

2
The magnitude of the centripetal acceleration is given by a =VT
where v is the speed of the object undergoing uniform cirtular motion and r is the radius of the circular path.

The direction of the centripetal acceleration is always changing but is always directed towards the centre of the
circular path.

. Worked Example

Y

utén I3
Ym ko

A wind turbine has blades that rotate about a central axis. A typical 2.5 MW turbine has blades with a length of
50.0 m from the central axis and a blade tip speed of 84.0 ms™'. Calculate the centripetal acceleration at the tip
of the turbine blades.

Force

2
Sincea= VT then using Newton’s Second Law, the magnitude of the force producing this centripetal acceleration
is given by

2
F=ma= mTv where m is the mass of the object undergoing uniform circular motion.
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Speed

Since speed is defined as the distance travelled per unit time, then for one complete circle

V= % = % where T is the time taken for one revolution (called the period)

and 2qr is the distance travelled in one complete circle.

Different forces can cause a centripetal acceleration
The centripetal acceleration can be caused by a

e tension force in the case of an object being whirled in a horizontal circular path on a string.
e frictional force in the case of a car turning a corner.

e gravitational force in the case of an artificial satellite circling the Earth or a natural satellite such as the moon
circling the Earth or a planet circling the Sun.

Each of these is discussed further in the section that follows.

Tension force

Figure 1.3.3 shows an object being whirled in a circular path that is in a horizontal plane.

¢« ~— >

F

Figure 1.3.3

2
The tension force provides the centripetal acceleration. Since F =ma= ﬂ, the tension in the string depends on
three factors: r

() The speed of motion: Fav?

The tension force providing the centripetal acceleration is proportional to the square of the speed of motion
providing the mass (m) of the object and the radius of the circular path (r) does not change. If the speed doubles,
the tension force required to keep the object in a circular path is four times larger. If the speed increases by a factor
of ten, then the tension force required to keep the object in a circular path is one hundred times larger. Similarly, if
the speed decreases by a factor of three, then the tension force decreases by a factor of nine.

Since increasing the speed of the object being whirled increases the tension force required to keep the object in a
circular path (Fav?), this means there is a limit to the speed with which the object can be whirled because all strings
have a maximum tension that they can withstand before they snap. If the object is whirled too fast, the maximum
tension force that the string can provide is exceeded and the string snaps. If the force providing the centripetal
acceleration of the object were suddenly removed, the object will travel in a straight line that is tangential to the
circular path.

(i) The radius of the circular path: Fa%

The tension force and the radius of the circular path are inversely proportional providing the mass (m) and speed (v)
of the object do not change. If the radius of the circular path is doubled then the tension force required to keep the
object in a circular path is halved. If the radius of the circular path is increased by a factor of ten, then the tension
force required to keep the object in a circular path is ten times smaller. Similarly, if the radius of the circular path is
three times smaller, the tension force becomes is three times larger.

(i) The mass of the object being whirled: Fam

The tension force is proportional to the mass (m) of the object undergoing uniform circular motion providing the
speed (v) and radius of the circular path (r) do not change. If the object being whirled is replaced with one having
twice the mass, the tension required to keep the mass in a circular path is doubled. If the object being whirled is
replaced with one having 10 times the mass, the tension required to keep the mass in a circular path is 10 times
larger. Alternatively, if the object being whirled is replaced with one with a mass that is three times smaller, the
tension force becomes three times smaller.
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Frictional force

Consider a vehicle travelling with constant velocity on a flat road.

Normal force

Thrust force due to Drag forces

engine turning the

(air resistance
back wheels

and friction)

Weight

Figure 1.3.4

According to Newton’s First Law of Motion, a vehicle can only travel with constant velocity if the net force acting
on the vehicle is zero i.e. There are no unbalanced forces acting.

Figure 1.3.4 identifies the forces acting on the vehicle. The weight of the vehicle acts down towards the ground
and is balanced by the normal force acting up (Newton’s Third Law). In addition the forward force provided by the
thrust of the engine is balanced with the total drag forces directed towards the rear of the vehicle while it travels
with constant velocity.

Now consider a vehicle turning a corner on a flat road as shown in Figure 1.3.5. The vehicle experiences a
centripetal acceleration towards the centre of the circular path even though it is travelling with constant speed.
The sideways frictional force between the tyres and the road provides this centripetal acceleration.

Weight

Figure 1.3.5

Just like the object being whirled on a string, the magnitude of the frictional force depends on the mass of the

vehicle, the speed of the vehicle and the radius of curvature of the circular path.
2

Since F = mazmTV, the greater the speed of the vehicle as it turns the corner, the greater the frictional force

required to turn the corner (Fav?). There is a limit to the frictional force that can be provided by the tyres and
therefore a limit to the speed with which a vehicle can safely round a corner of a given radius. If the maximum
frictional force is exceeded, the vehicle slides off at a tangent to the circular path (from the point at which the
frictional force is exceeded). As the tyres wear, the maximum amount of frictional force that the tyres can provide
decreases and turning the corner at high speed can become dangerous.
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Gravitational force

Figure 1.3.6
In the case of an artificial satellite circling the Earth or a planet (including Earth) circling the Sun, the gravitational
2
force provides the centripetal acceleration. The magnitude of the force is given by F =ma= g where m is the

mass of the satellite, r is the radius of orbit and v is the speed of the satellite. This force is equivalent to F = anM
as described later in this chapter. r

Normal force
palll

A ball can be made to move in a circular path inside a bowl. The wall of the
bowl provides a force that is directed towards the centre of the circular path.
This force is called a normal force and provides the centripetal acceleration for
uniform circular motion.

The normal force provides the centripetal acceleration when a railway carriage
or our local O-Bahn bus moves around a circular section of a track.

Figure 1.3.7 Figure 1.3.8

A train moving around a circular section of track The O-Bahn bus moving around a circular section of track

. Worked Examples

1. A 225 gmass is attached to a wire and swung in a horizontal circle so that it completes 6 revolutions in 2.00
seconds. The radius of the circular path is 15.0 cm

(@) Calculate the period of motion.

T:% -0333 s

(b) Calculate the speed of the mass.

:@_2.7[)(0150 -283 ms—1

74 —_——

T  (0.333)
(c) Calculate the centripetal acceleration experienced by the mass.

V2283

— -2 T
= =0750" 53.4 ms towards the centre of motion
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(d) Calculate the tension in the wire.
F=ma=0.225 x 53.4 =12.0 N towards the centre of motion
(e) Describe the path followed by the mass if the wire were to snap.

The mass would travel in a straight line at a tangent to the circular path and with a speed of
2.83ms™.

2. Acar with amass of 1.50 x 10° kg enters a roundabout at an intersection. The road is flat and the radius of
curvature of the roundabout is 6.00 m.

Figure 1.3.9

Calculate the maximum speed with which the car can safely circle this roundabout if the maximum frictional
force the tyres can provide is 5.10 x 10% N.

2 4
Femgm™ . _ [Fr =\/5.10><1O x6.00 L, 0
r m 1.50 x 10°

Banked curves

Figure 1.3.10 Figure 1.3.11

Earlier in the chapter the frictional force that provides the centripetal acceleration when a car undergoes uniform
circular motion on a flat road was discussed. The amount of frictional force needed to round a curve increases
with speed. If the car is travelling too fast, the tyres may not be able to provide all of the friction needed to make
the turn safely. This situation is shown in figure 1.3.10.

To improve safety, a road can be banked at an angle above the horizontal as shown in Figure 1.3.11. If a road is
banked, it is possible to achieve a situation where friction is not required in providing the centripetal acceleration.
This eliminates dangers involved with slippery roads and allows cars to move around a corner at higher speeds.
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Weight

W =mg
Figure 1.3.12

Figure 1.3.12 illustrates the forces acting on a vehicle when the road is banked at an angle above the horizontal.

The normal force (N) provided by the road can be resolved into two perpendicular vectors. The vertical component
(N,) is equal in magnitude and opposite in direction to the weight (mg) of the vehicle.

The horizontal component (N,) points towards the centre of the circular path and can provide part or all of the
centripetal acceleration. If the horizontal component provides all of the centripetal acceleration, no frictional force
is required.

L£¥ Extra understanding

The subject outline does not require you to be able to calculate the banking angle but it may be of interest.

The banking angle (0) needed to achieve a situaztion in which friction is not needed to round a banked
curve can be calculated using the equation Tan0=r"—g where v is the speed of the vehicle, g is the gravitational
acceleration (9.80 ms=) and r is the radius of the circular path.

Derivation

Using Figure 1.3.12, the vertical component (N ) of the normal has a magnitude of mg. If the horizontal component
(N,) points towards the centre of the circular path and provides all of the centripetal acceleration,
2 M 2
then N, =ma =" It follows that tan@ :% Ny Vv
r adj N, mg rg
This means that when a vehicle travels around a banked curve at the correct speed for the banking angle, the
horizontal component of the normal (not the frictional force) causes the centripetal acceleration.

2
If the banking angle is less than that calculated using tan@:rv—g, then friction between the tyres and the road

provides some of the force required to cause the centripetal acceleration of the car. Similarly if the vehicle travels
faster that the correct speed for the banking angle, then friction between the tyres and the road provides some of
the force required to cause the centripetal acceleration of the car.
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. Worked Examples

1. Draw vector arrows to represent the forces acting on each of the three cars shown in the diagram below.

AA;\‘AAAAAAAAAA.AAA..-. A

2. A section of a road of radius r = 300.0 m, is banked at an angle of 17.0° so that a car may make a turn at a
speed v = 108 kmh~' without depending on friction.

The car has a mass of 1450 kg. Calculate the magnitude of the normal force acting on the car.
F

H

mg . N -_M9 _1450x9.80

cosl7=—2 .. = = =1.49x10* N
N cosl7 cosl7

l7°
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? Science inquiry practical

1. Investigate the force causing centripetal acceleration, using a tube, stopper, washers or weights and
connecting string. A possible arrangement is shown below.

Ideas include investigating the relationship between the force causing centripetal acceleration and the
speed of the stopper or the relationship between the force causing centripetal acceleration and the
period of the stopper.

Write a report that includes Rubber stopper

e relevant physics concepts
e ahypothesis
e variables (independent, dependent and factors held constant)
° a clear and detailed procedure
e safely considerations
e results represented in table and in graphical form
e asummary of any trends in the results
e an evaluation of the procedures and results
e adiscussion of the sources of error
e improvements to the method Figure 1.3.13
e aconclusion that is consistent with the results
2. Find and test the speed required for a marble to ‘loop the loop’, using flexible railing or a slot-car set.

& Science as a human endeavour

Explore the benefits and limitations in the design and use of banked curves, such as velodromes, motor
racing circuits, amusement park rides, and high-speed train tracks.

Gravitation
Gravitational field

Objects with mass have a gravitational field in the space that surrounds them.

The strength of the gravitational field decreases with distance r from the centre of the object. Lines of force are
used to represent the gravitational field in the space around the mass. The field acts radially towards the centre
of the mass. Gravitational field is a vector quantity. The spacing of the field lines indicates the strength of the
field. A greater spacing between the field lines represents a weaker field. Figures 1.3.14 and 1.3.15 show the

gravitational field for two masses. The field shown in figure 1.3.15 is stronger.
—_— —_— D

Figure 1.3.14 Figure 1.3.15
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Any object with mass experiences a gravitational force when it is within the gravitational field of another mass.

NOTES:

1 Sincea= % then it follows that the gravitational field strength is equivalent to the gravitational acceleration.

2  Gravitational field strength is a vector quantity.

The principle of superposition applies to gravitational field. If more than two masses are present, the gravitational
field strength at any point is a vector sum of the gravitational field due to each of the other masses present.

A section later in the chapter uses the concept of superposition to calculate the gravitational field strength at a
point between two masses.

. Worked Example

A 22.0 kg mass experiences a gravitational force of 36.8 N on the surface of the Earth’s moon. Calculate the
gravitational field strength on the surface of the moon.

_F _36.8_ |
a=1=25-2=1.67 Nkg

Gravitational force

Any two objects with mass will attract each other due to a gravitational force.

A 2

r

Figure 1.3.16
Newton’s Law of Universal Gravitation

The gravitational force of attraction between any two masses is directly proportional to the product of the masses
and inversely proportional to the square of the distance between their centres.
F Gmm,

where  m. and m, are the masses in kilograms (kg).

G = Gravitational constant = 6.67 x 107" Nm?2kg?
ris the distance between the centre of the two masses

The gravitational force acts along the line joining the centres of the masses as though the mass were concentrated
at a point.

64
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Principle of Superposition: If more than two masses are present, the force on any one of the masses is a vector
sum of the gravitational force due to each of the other masses present.

Applying the concept of proportionality
(

)  The gravitational force is proportional to one mass, providing the other mass and the distance between the
centre of the two masses does not change.

This concept is illustrated by example. If one mass is replaced with one having twice the mass, the gravitational
force between the two masses doubles. Similarly if one mass is replaced with one having a mass that is ten times
smaller, then the gravitational force between the two masses decreases by a factor of ten.

(i) The gravitational force is proportional to the product of the two masses, providing the distance between the
centre of the two masses does not change.

An example to illustrate this concept is that if one mass is replaced with one having double its mass and the other
is replaced with a mass having five times its mass, then the gravitational force becomes ten times larger.

(i) The gravitational force is inversely proportional to the square of the distance between the centre of the two
masses, providing the masses do not change.

An example to illustrate this concept is that if the distance between the centre of the two masses is increased by
a factor of four, then the gravitational force becomes sixteen times smaller.

. Worked Examples

1. (a) Calculate the gravitational force acting between two astronauts A and B, separated by a distance of 50.0
m, if their masses (including their space suits) are 105 kg and 110 kg respectively.

Gmm, _6.67x10""x105x110

F==1 =308x107"° N attraction
r 50.0?
(b) Calculate the magnitude and direction of the acceleration experienced by astronaut B.
a _nﬂq = % =2.80x10""ms™ towards astronaut A

2. The magnitude of the gravitational force between two 50.0 kg masses is 2.20 x 10 N.
(@) Calculate the distance between the centre of the two masses.

-1 2
F_Gm1m2 , /Gmm2 \/6 67x1071x80.0° _ o
2.20 x 10°°

(b) The dlstance calculated in part (a) is doubled. Use proportionality to describe the effect this would have
on the magnitude of the gravitational force acting between the masses.

Fa:—z m,,m, constant
If the distance is doubled, the gravitational force becomes four times smaller.

(c) One of the masses is replaced with one having a mass of 150 kg. Use proportionality to calculate the
magnitude of the gravitational force acting between the masses.

Fam, m,, r constant
If one of the masses is tripled, so is the gravitational force.
=6.60 x 10°N
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(d) The distance between the centre of the two masses is doubled and one mass is replaced with one
having a mass of 150 kg. Determine the magnitude of the gravitational force acting between the two
masses.

m
Fa— m, constant
r

The gravitational force changes by a factor of %x3=%
The magnitude of the gravitational force becomes % x22x10°%=165x10°N

Gravitational forces are consistent with Newton’s Third Law

Figure 1.3.16 illustrates the gravitational force acting between two masses. Both masses experience a force which
has the same magnitude but the force on each mass acts in opposite directions. This means that gravitational
forces are consistent with Newton'’s Third Law which states that if object A exerts a force on object B, then object
B exerts and equal and opposite force on object A.

The acceleration due to gravity g on a planet or moon.

Consider a particle of small mass m, placed at the surface of a planet or moon of mass M. Assume that the radius
of the planet or moon is r.
(28

Figure 1.3.17

The gravitational force between the mass and the moon or planet is given by F =Gm£w .

Using Newton’s Second Law, the gravitational acceleration is given by g:%. '
GmM

It follows that g:% - f—ni = Gr_ﬁ”

The acceleration due to gravity on the surface of a planet or moon has a magnitude given by:

GM
r2
where M is the mass of the planet or moon and r is the radius of the planet or moon.

GM
(r+h)?

g:

At a height h above the surface of the planet or moon, the acceleration due to gravity is given by g=

m

Figure 1.3.18

[t can be seen that the magnitude of the acceleration due to gravity decreases with height above the surface of
the planet or moon.
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. Worked Examples

1. Saturnis a planet often referred to as a gas giant as it is made up of mostly hydrogen and helium gas. It does
not have a defined surface but still has a gravitational field surrounding it. Calculate the magnitude of the
acceleration due to gravity at the perceived surface of Saturn which has a mass of 5.683 x 10?°°kg and an
average radius of 58 232 km.

_GM _ 6.67x10™""x5.683 x10*
r? (58232x10%)°

(Note: This formula is not on the Formula Sheet but can easily be derived using Newton’s Law of Universal
Gravitation and Second Law of Motion — see page 66)

=11.2 ms™

2. Calculate the height above the Earth’s surface at which the magnitude of the acceleration due to gravity has
a value of one quarter the value on the Earth’s surface. Take the mass of the Earth to be 5.97 x 10?* kg and
its radius to be 6.37 x 10° m. (Note: The values for the mass and mean radius of the Earth can be found on
the Formula Sheet)

g==EM . o (remE= GM o - JSY
r+h) g g
-11 24
he /G_M_r= 6-67”01 x0.97 X107 _ 5375100 =6.38x10°m
g —-x9.8
%9

? Possible teaching or learning strategy

Compare the acceleration due to gravity at various points on the surface of the Earth e.g. at sea level and
at the top of Mount Everest (h = 8848 m).

The point of weightlessness between the Earth and the Moon

l'

1

centre of mass

Figure 1.3.19

An object placed between the Earth and the Moon experiences a gravitational pull from the Earth and the Moon.
These forces act in opposite directions.

Since weight W = mg and g decreases with height above the Earth’s surface, so too does the weight of an object.
The gravitational pull from the Earth decreases but the gravitational pull from the moon increases. There is a point
between the Earth and the Moon where the object is pulled equally in both directions as shown in Figure 1.3.19.
At this point the net gravitational force, acceleration due to gravity and the weight of the object are all zero. There
is a question about this in the end of chapter exercises.
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Satellite motion
Stable orbits

Figure 1.3.20

The centres of the circular orbits of Earth satellites must coincide with the centre of the Earth in order for the
satellite orbit to be stable. Figure 1.3.20 illustrates examples of such orbits. The centres must coincide because
the gravitational force provides the centripetal acceleration. The gravitational force must be directed towards
the centre of the circular orbit in order to provide the centripetal acceleration for uniform circular motion and by
definition towards the centre of the Earth because the gravitational force acts between the centres of the two
masses. As a result, the centre of the circular orbit must coincide with the centre of the Earth.

Speed of a satellite

N
~ & -~y
“y it/ \
&y N
o g
Satellite Orbital radius =g

-_— o =

The speed of a satellite moving in a circular orbit is given by

/GM
V= [—m
r
where G is the gravitational constant 6.67 x 10-""Nm?kg=2, M is the mass of the central body being orbited and
ris the radius of orbit of the satellite.

N.B. The central body may be the Earth in the case of a satellite circling the Earth, the Sun in the case of a planet
circling the Sun or it may be a planet in the case of a moon circling a planet.

Derivation

The gravitational force between the satellite of mass m and the central body of mass M provides the centripetal
acceleration required for a satellite to undergo uniform circular motion.

GmM _mv? GM ’GM
F - 5 = L ==V V=, |——
r r r r
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Kepler’'s Laws of Planetary Motion

In the early 1600s Johannes Kepler explained the motion of planets around the Sun. Kepler’'s Laws of Planetary
Motion describe the motion of planets, their moons, and other satellites.

Kepler’s three Laws of Planetary Motion are described below:

1 Kepler’s First Law - all planets move in elliptical orbits with the Sun at one focus.

An elliptical path has the shape of an elongated circle. The sum of the distances from every point on the elliptical
path to the points referred to as foci of the ellipse is constant. The closer together the foci are, the closer the path
is to a circular path. In fact a circle is an ellipse in which the two foci are at the same point. Figure 1.3.22 shows
the elliptical path of the Earth around the Sun.

Figure 1.3.22

Kepler’s First Law is sometimes called the Law of Ellipses. It simply states that the planets orbit the Sun in an
elliptical orbit with the Sun located at one of the foci of that ellipse.

2  Kepler's Second Law - The radius vector drawn from the Sun to a planet sweeps equal areas in equal time
intervals.

Kepler's Second Law is sometimes called the Law of Equal Areas. It describes the speed of a planet moving in its
orbit around the Sun. This is because a planet is moving faster when it is closer to the Sun and slower when it is
further away from the Sun.

<~

This principle is illustrated in Figure 1.3.23. The radius vector is drawn from the /N
planet to the Sun. In a given time interval, for instance one month, the area swept

“
out by the line is always the same. The triangles formed change dimension but -
their area is the same. /<

This principle extends to comets, moons, satellites and other bodies orbiting in

elliptical paths. - \ ]
3  Kepler's Third Law - The period of any satellite depends upon the radius of / /\,
its orbit. For circular orbits Kepler’s Third Law can be expressed as: \H -
2 _ 4«_72 3 T2 or G G /\’
T = GMr orT? a :

Kepler's Third Law can be stated in words: the period of revolution of a Figure 1.3.23
satellite squared is proportional to the radius of orbit cubed.

© Essentials Education 69



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

Derivation

The speed of a satellite is given by v =

2
It follows that GMT? = 4w?r® .. T* :4GLMH
Additional notes
GM > _4n? s . P :
and T :G_/\/lr that the speed and period of a satellite in a circular
orbit depends only on the radius of orbit (r) and the mass of the central body (M) not the mass of the satellite (m).

. Worked Examples
Useful data - see Formula Sheet: (M, =597 x 10*kg  r_, =6.37 x 10°m)

1. A satellite circles the Earth over its equator once every 12.0 h. Calculate the

[t can be seen from the equations v =

o ‘

(@) period of the satellite in seconds.
12.0h=12.0 x 60 x 60 =4.32 x 10* s
(b) satellite’s height above the Earth.
4 s S/GMTZ _ i/6.67><10‘” x5.97x10% x(4.32x10%)2

GM 4r* 4°
Height = r—r.=2.66 x 10" - 6.37 x 10° = 2.02 x 10" m

(c) speed of the satellite.

11 24
- [V _ \/6.67><1O X590 oo 1o
r

T? =2.66x10'm

2.66x10"

2. Alarge Earth satellite of mass 2.00 x 108 kg orbits the Earth in a circular path with a speed of 5.90 x 10° ms™.
Calculate the

(@) radius of orbit for this satellite.

il 24
. /G/\/l L :G/\/l :6.67><10 x5.97x10 —114x10'm
r

Ve (5.90x10°%)?
(b) period of orbit for this satellite.
7
=2 po 2 _2r(14X10) g 510t
T % 5.90x10

(c) magnitude and direction of the force acting on the satellite.

2 3 3\2
S =2'OO A Bl Al =6.11x10°N towards the centre of the Earth

r 1.14x10’
(d) Name the force that provides the centripetal acceleration in this example.

The gravitational force
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Geostationary satellites

A geostationary satellite is a satellite that remains fixed above one point of the Earth’s surface. Figure 1.3.24
illustrates a geostationary satellite in orbit.

Figure 1.3.24
The circular orbit of a geostationary satellite has the following characteristics:
1. The satellite travels in the same direction as the Earth’s rotation

The Earth rotates from west to east. The only way that the satellite can remain fixed above one position of the
Earth’s surface is to move in the same direction as the Earth’s rotation.

2. The period of the satellite is 24 h

The period of the Earth’s rotation is 24 h so it follows that to remain in a fixed position above the Earth’s
surface the orbital period of a geostationary satellite must also be 24 h.

3. The orbit is equatorial

Figure 1.3.25

A satellite in a geostationary orbit must have an orbit in the Earth’s equatorial plane if it is to move in west
to east direction with the Earth’s rotation and remain in a stable orbit. This is because the centre of the orbit
must coincide with the centre of the Earth. Figure 1.3.25 shows a satellite circling the Earth in a plane below
the equator. The orbit is not stable. A geostationary satellite orbits the Earth directly above the equator as
shown in Figure 1.3.24.

4. The radius of orbit is relatively large

According to Kepler’s Third Law, T? a. r®. This means that a relatively large period of 24 hours will correspond
to a relatively large radius of orbit. One of the questions in the exercises at the end of this chapter is to
calculate the radius of orbit and altitude of a geostationary Earth satellite. Such a satellite is positioned at a
height of around 36 000 km above the surface of the Earth.
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Types of orbits

1. Equatorial orbit (Figure 1.3.26) — the satellite is in an orbit such that it moves directly above the equator as it
circles the Earth.

Equatorial Orbit S

Figure 1.3.26

2. Polar orbit (Figure 1.3.27) — the satellite is in an orbit such that it moves over the North and South poles as
it orbits the Earth.

Polar Orbit

Figure 1.3.27

3. Geostationary orbit — the satellite remains fixed over one point of the Earth’s surface. The characteristics of
such an orbit were explained earlier in the chapter.

Applications
Equatorial orbit/Geostationary

Geostationary orbits allow for constant communication between two ground stations. This is because the satellite
is always in the same position and communication is not interrupted by the motion of the satellite or the rotational
motion of the Earth. Geostationary satellites also allow continuous monitoring of a particular region of the Earth’s
surface since they are in a fixed position. It should be noted that the radius of orbit being large, positions the
satellite at a large altitude above the surface of the Earth. This has the advantage of a large coverage Their large
altitude make them useful for meterology, but the disadvantage of producing images with low resolution.

GOES-8

Meteosat-5

GMS-5

Fengyun-2

Elektro

Figure 1.3.28
Figure 1.3.28 shows the coverage of a geostationary satellite.
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Polar orbit

Geostationary satellites are not always the best choice for surveillance and
meteorology. Low-altitude polar-orbit satellites are often used. The low altitude
produces images with a higher resolution as the satellite is closer to the ground. In
addition, these satellites take images directly beneath their path. This means that
distortion of the images produced is low. For these reasons, low-altitude polar-orbit
satellites are useful for surveillance.

A low-altitude polar-orbit satellite is also useful for meteorology. Such a satellite
passes over the North and South poles of the Earth many times a day and scans a
full picture of the Earth’s surface, one strip at a time as the Earth rotates beneath it.
This is shown in figure 1.3.29. Bad weather conditions can be detected and
precautions taken.

Figure 1.3.30 illustrates the relative altitude of a geostationary and polar orbiting Figure 1.3.29
satellite.

For further discussion in class
Below are some ideas for further discussion with your teacher:

e How can we use Kepler's Laws to explain the motion of comets and predict
times when they may be seen?

e How can data giving the orbital radii and periods of the natural satellites of a
planet be used to determine the mass of a planet (e.g. for Saturn)? Is there a
technigue to determine the mass of the Sun?

e What is the geometric definition of an ellipse and its relation to planetary and
satellite motion.

e  Explore the eccentricities of planets within the solar system to explore how
Kepler's Laws may be modelled as uniform circular motion.

118.g° Polar Orbitting Satellite
850 km altitude

Figure 1.3.30

? Science inquiry practical

Track satellites in real time at:
http://www.n2yo.com/?s=00050

& Science as a human endeavour
Some suggestions for possible investigations

e Analyse how the models for the motion of planets, stars, and other bodies were modified in the light
of new evidence.

e Research the benefits, limitations, and/or unexpected consequences of the uses of satellites.
Examples include: the Hubble Space Telescope, the International Space Station, GPS satellites, and
decommissioned satellites.

e Use Kepler's Laws to analyse highly elliptical orbits, such as HD 80606 b and HD 20782. Consider the
effect of these orbits on the composition and temperature changes on these exoplanets.

e Investigate how Kepler's Laws can be used to estimate the mass of black holes, including Sagittarius
A* — the black hole hypothesised to exist within the Milky Way Galaxy.

[0 Helpful online resources
B )

http://curious.astro.cornell.edu/about-us/95-the-universe/galaxies/general-
questions/512-do-stars-orbits-in-galaxies-obey-kepler-s-laws-intermediate

http://io9.gizmodo.com/the-video-that-revealed-the-black-hole-at-the-center-  garaemts : o
of-1114918644 EEALREr R
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Science as a human endeavour activity — Gravitation 1

The text below forms part of an article, ‘Breakthrough Starshot successfully launch world’s smallest spacecraft’.
Date: July 29, 2017

Source: Guardian, Nicola Davis

https.//www.theguardian.com/science/2017/jul/28/
breakthrough-starshot-successfully-launch-worlds-smallest-spacecraft

RADIO
 CYROSCOPE
MAGNETOMETER

~ SOLAK CELLS
MICROCONTROLLER
ANTENNAS

The smallest spacecraft ever launched are successfully travelling in low Earth orbit and communicating
with systems on Earth, scientists have announced.

Known as “Sprites”, the miniature satellites are just 3.5cm x 3.5cm and carry radios, sensors and
computers, with each device powered by sunlight and weighing just four grams.

While nanosatellites known as CubeSats have previously been sent into space, such systems have a mass
thousands of times that of the Sprites, weighing more than 1kg. Scientists say the latest development is an
important a precursor to an ambitious attempt to send space probes to planets beyond our solar system,
dubbed Breakthrough Starshot.

“This is a new frontier of tiny, gram-scale spacecraft” said Professor Avi Loeb of Harvard University, chair
of the advisory committee for the Breakthrough Starshot Initiative.

The Sprites, Loeb adds, are also cheap. “Each of them is only tens of dollars in cost,” he said.
Describe an example of how the use of ‘Sprites’ demonstrates science as a human endeavour.

Suggested solution

While nanosatellites have previously been sent into space, Sprites indicate a major development because
they have a mass that is around one thousand times smaller. This makes them the ‘smallest spacecraft
ever launched’. The Sprites travel in low Earth orbit and successfully communicate with systems on Earth.
Space exploration is traditionally very expensive, but this new technology is cheap at around ten dollars
per spacecraft and Spikes are ‘an important a precursor to an ambitious attempt to send space probes
to planets beyond our solar system’ (Starshot). They will therefore help improve the efficiency of scientific
procedures, data collection and analysis and enable scientists to collect data they have not been able to
collect in the past. This may reveal new information and help further develop scientist’s understanding of
space.
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- Exercises

Uniform circular motion
1. Describe the meaning of the following terms
(@ uniform circular motion

(b) centripetal acceleration

2. The vector arrow drawn at point X, represents the velocity v, of an object undergoing uniform circular motion
at the point X.

(@) Draw a vector arrow at point Y to represent the velocity of the object at point Y.

(b) Annotate the diagram and show that the object experiences an acceleration towards the centre of the
circular path as it travels from point X to point .

3. A 20.0 g marble circles the rim of a bowl of diameter 38.0 cm. It completes 10 revolutions in 8.50 s.
(@) State the name of the force that provides the centripetal acceleration of the marble.

(b) () Define the term period as it relates to the motion of the marble.

(i) Calculate the period of motion for the marble.

(c) Calculate the speed of the marble as it circles the rim of the bowl.
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(d) Calculate the magnitude and direction of the force acting on the marble.

4. A 26 g rubber stopper is whirled horizontally in a circular path of radius 54 cm with a speed of 5.0 ms™".
(@) Calculate the period of revolution of the rubber stopper.

(b) Calculate the centripetal acceleration experienced by the rubber stopper.

(c) Calculate the magnitude of the tension in the string.

(d) The rubber stopper is progressively whirled faster. Explain why the string will eventually break.

5. Consider the amusement ride shown in the photograph below. When it is spinning at its maximum speed of
15 ms™ the carriages and their occupants move out into a horizontal circular path. The radius of the circular
path traced by the carriages is 8.0 m.

Assuming the average mass of a carriage and its occupant is 74 kg, calculate the

(@) centripetal acceleration & experienced by each carriage.
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(b) magnitude of the average tension in the carriage support wires.

(c) time taken for the carriages to complete ten revolutions.

6. A centripetal acceleration of 6.0 ms acts on a mass undergoing uniform circular motion.
Describe the affect on the magnitude of the centripetal acceleration and state its new value if the

(@) speed v of the mass is increased to 5v.

(b) radius of curvature r is changed to

7. A 1250 kg car rounds a curve of radius 85.0 m with a speed of 17.0 ms™ on a level road. Calculate the
magnitude of the frictional force that the tyres provide during the turn.

8. Avyoung boy hangs an increasing number of weights to the end of piece of fishing wire. He can hang 3.75 kg
of mass before the fishing wire snaps.

(@ Calculate the maximum tension that the fishing wire can withstand.

(b) The young boy whirls a 50.0 g mass on the end of a 40.0 cm length of the fishing wire in a horizontal
circular path.

Calculate the maximum speed achievable before the fishing wire breaks.
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(c) Calculate the minimum period of revolution of the 50.0 g mass.

9. A force of magnitude F Newtons acts on an object moving in a circular path at constant speed.

Use proportionality to describe the affect on the magnitude of the force acting if each of the following changes
occur. State the new force in terms of F.

(@) The object is replaced with one that has three times the mass.

(b) The speed of the object is reduced by a factor of four.

(c) The radius of the circular path is halved.

10. A 1500 kg satellite circles the Earth. The satellite has a period of revolution of 3.0 hours.

(@) Determine the altitude at which the satellite circles the Earth.

(b) Calculate the magnitude of the force acting on the satellite.

(¢) Name the force that provides the centripetal acceleration in this situation.
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A 1.6 tonne car rounds a corner with a radius of curvature of 250 m.

(@) Draw vector arrows on the car to represent the velocity and the force acting on the car as it turns the
corner illustrated below.
e

&%
4O

(b) Calculate the magnitude and direction of the frictional force acting if the car makes the turn at a speed
of 60.0 kmh'.

(c) The tyres can provide a maximum frictional force of 4.0 x 10% N. Calculate the maximum speed with
which the car can turn this corner safely.

12.

A geostationary satellite is one that remains fixed over a certain point of the Earth’s surface. It has a period of
24.0 hours and is positioned approximately 3.70 x 10* km above the surface of the Earth.

(@) Calculate the speed of the satellite.

(b) Calculate the centripetal acceleration & experienced by the satellite.
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(d)

Name the force acting on the satellite to provide the centripetal acceleration for uniform circular motion.

13. The amusement park ride shown below rotates at a high speed of 24 revolutions per minute before the floor
drops and the occupants remain suspended against the outside wall of the ride. The ride has a radius R of
6.6 m.

y 4

// ;
// Central
[ axis

Name each of the forces acting on the person enjoying the ride. The forces are represented by the vector
arrows A, B and C.

A, Band C.
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14. Consider the bob sled track shown below.

// r \\‘\ ”’y ‘\‘\
1 | v=34m/s

3r

The bob sled maintains a constant speed along the track. Calculate the ratio of

(@) the magnitude of the centripetal acceleration experienced by the bob sled as it rounds the first turn to the
centripetal acceleration experienced by the bob sled as it rounds the second turn.

(b) the period of motion of the bob sled as it rounds the first turn to the period of motion of the bob sled as
it rounds the second turn.

15. (@) A vehicle turns a banked road of radius r at a constant speed v.
2
With the aid of a labelled diagram, show that the road should be banked at an angle given by 8 = tan™' (%)

rg
in order for the vehicle to turn the road without any frictional force contributing to the centripetal acceleration.

(b) Hence, calculate the banking angle for a road with a radius of curvature of 120 m such that a vehicle can
make the turn with a speed 25 ms=" without friction providing any of the centripetal acceleration.
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16. A section of a road of radius r = 300 m, is banked so that a car can make a turn at a speed of v = 100 kmh™
without relying on friction.

(@ On the diagram above, draw a vector arrow, showing the direction of the normal force acting on the car.
Label this vector N.

(b) Explain how the horizontal and vertical components of the normal force affect the motion of the car.
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Gravitation
1. (@) Sketch the gravitational field of the Earth on the diagram below.

(b) Define the term gravitational field strength.

(c) A mass of 3.40 kg experiences a gravitational force of 37.4 N on the surface of Uranus. Calculate the
magnitude of the gravitational field strength at the surface of Uranus.

2. The gravitational field strength on Mars is 3.7 Nkg™'. Calculate the magnitude of the gravitational force that a
10.0 kg object would experience on the surface of Mars.

(o) Calculate the magnitude and direction of the gravitational force acting between two point masses, m, =
20.0 kg and m, = 55.0 kg placed 1.80 m apart in a vacuum.
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4. Two dancers are standing 1.00 m apart. One dancer has a mass of 55.0 kg and the other a mass of 62.0 kg.

/ \ L
£ D 4 N

(@) Calculate the gravitational force F acting between the two dancers.

(b) Add vector arrows to represent the gravitational force acting on each dancer depicted above.

(c) Calculate the magnitude and direction of the acceleration experienced by the 62.0 kg dancer.

5. Two identical masses separated by a distance of 5.0 cm, experience a gravitational force of attraction of
magnitude 5.0 N.

(@) Calculate the magnitude of the masses.

(b) Without performing a calculation, describe the affect on the magnitude of the gravitational force between
the masses if

() one mass is replaced with another half the mass.

(i) one mass is replaced with another that has half its mass and the other mass is replaced with a mass
six times heavier.
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(i) the distance between the centre of the masses is quartered.

6. When placed a fixed distance d apart in air, two masses exert a gravitational force of magnitude F on each
other. State the magnitude of the new force in terms of F if

(@) both masses are replaced with masses that are twice as heavy.

(b) the distance between the centre of the two masses becomes %

7. (a) Calculate the distance between the centre of two identical objects with a mass of 5.0 x 10? kg if they
experience a gravitational force of attraction of magnitude 3.7 x 10° N.

(b) The distance calculated in part (a) is changed. The force becomes four times larger. State, with reason
the change made to the distance between the centres of the two objects.

8. (a) Show that the acceleration due to gravity g at the surface of the Earth, mass M, and radius r,.is given by g = GAjE .

E

(c) Determine the magnitude of the acceleration due to gravity experienced by a geostationary satellite that
is situated at an altitude of 3.6 x 10* km above the surface of the Earth.
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9. (a) Explain why gravitational field strength and acceleration due to gravity are the same quantity.
(b) The planet Venus has a mass of 4.90 x 10% kg. Calculate the radius of Venus if the gravitational field
strength at its surface is 8.90 Nkg.
10. Determine the position between the Earth and Moon at which the gravitational field strength (or acceleration
due to gravity) is zero. You may label the diagram below and use the data listed to help you.
Useful data: m_. =5.97 x 10* kg
m_..=7.35x 10% kg .
rmoon’s orbit = 384 x 108 m
11. The gravitational force between the Earth and a space vehicle will allow the space vehicle to move with

uniform circular motion around the Earth.

(@) Calculate the magnitude of the gravitational force acting on a space vehicle of mass m = 1.30 x 10° kg
if it circles the Earth in an orbit of radius r = 5.64 x 10" m.

(b) Show that the speed of the space vehicle is given by v = G—M
r
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(c) Use the expression from part (b) to calculate the speed of the space vehicle.

(d) Show that an expression for the period of the satellite is T =

(e) Determine the factor by which the period of motion of the space vehicle is changed if the radius of orbit
is doubled.

12. The orbit, A, of a satellite is shown in the diagram below.

—_—— e = = e e e o
—_— - —_ -
- -~ -

This diagram is not to scale

(@) Draw and label vector arrows on the diagram to represent the velocity and the acceleration of the satellite
at position P.

(b) Calculate the speed of the satellite given it is positioned at an altitude of 8000 km above the surface of
the Earth.

(c) The satellite is moved to a different orbit, B, which has half the radius of orbit of A.

Calculate the ratio of the speed of the satellite in orbit A to the speed of the satellite in orbit B.

(d) Calculate the period of the satellite’s motion in orbit A.

© Essentials Education 87



STAGE 2 PHYSICS TOPIC 1: MOTION AND RELATIVITY

13. A artificial satellite of mass 850 kg travels with a speed of 1.6 x 10®* ms™" around the planet Mercury with a
radius of orbit of 8.44 x 10°m.

(@) Calculate the mass of Mercury.

(b) Calculate the gravitational force F experienced by the satellite.

14. The satellite shown in the diagram below is in a stable orbit around the Earth.

(@) Explain why the centre of the circular orbit must coincide with the centre of the Earth.

(b) On the diagram shown, draw one orbit that would not be possible.

(c) Describe one use of low-altitude polar orbits in meteorology.

15. (@ Explain why a geostationary satellite must orbit in the same direction as the Earth rotates.
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(b) Describe why the orbit of a geostationary satellite must be equatorial.

(c) State the period of orbit for a geostationary satellite and hence calculate the radius of orbit for a
geostationary satellite.

(d) Calculate the altitude of a geostationary satellite.

16. (@) State Kepler’s three laws of planetary motion.
(i)  First Law

(i) Second Law

(b) Describe how Kepler’s first and second laws can be used to explain the motion of the planets in their
orbit around the Sun.
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17. A student plots a graph of the radius of orbit of Jupiter's moons cubed against their period squared.

RA3 Versus TA2
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TA2 in secondsh2

The equation of the line shows that the value of the gradient of the line is 3 x 10'S.

Use the graph to calculate the gradient of the line to the appropriate number of significant figures. Include
units for the gradient.

Use the graph to calculate the mass of Jupiter.

The accepted value for the mass of Jupiter is 1.90 x 10?7 kg.

Comment on the accuracy of the experimental value for the mass of Jupiter.

Comment on the precision of the data.
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18. Science as a human endeavour activity — Gravitation 2

The following text forms part of an article ‘Tiny Neptune moon spotted by Hubble may have broken from
larger moon’.

Date: February 21, 2019
Source: NASA/Goddard Space Flight Center
https://www.sciencedaily.com/releases/2019/02/190221095033. htm

After several years of analysis, a team of planetary scientists using NASA's Hubble Space Telescope has
at last come up with an explanation for a mysterious moon around Neptune that they discovered with
Hubble in 2013.

The tiny moon, hamed Hippocamp, is unusually close to a much larger Neptunian moon called Proteus.
Normally, a moon like Proteus should have gravitationally swept aside or swallowed the smaller moon while
clearing out its orbital path.

So why does the tiny moon exist? Hippocamp is likely a chipped-off piece of the larger moon that resulted
from a collision with a comet billions of years ago. The diminutive moon, only 20 miles (about 34 kilometers)
across, is 1/1000th the mass of Proteus (which is 260 miles [about 418 kilometers] across).

This scenario is supported by Voyager 2 images from 1989 that show a large impact crater on Proteus,
almost large enough to have shattered the moon. "In 1989, we thought the crater was the end of the story,"
said Showalter. "With Hubble, now we know that a little piece of Proteus got left behind and we see it today
as Hippocamp." The orbits of the two moons are now 7,500 miles (about 12,070 kilometers) apart.

"Based on estimates of comet populations, we know that other moons in the outer solar system have
been hit by comets, smashed apart, and re-accreted multiple times," noted Jack Lissauer of NASA's
Ames Research Center in California's Silicon Valley, a coauthor on the new research. "This pair of satellites
provides a dramatic illustration that moons are sometimes broken apart by comets."

The team of astronomers in this study consists of M. Showalter (SETI Institute, Mountain View, California),
l. de Pater (University of California, Berkeley, California), J. Lissauer (NASA Ames Research Center, Silicon
Valley, California), and R. French (SETI Institute, Mountain View, California).

Describe two examples of how this study using NASA's Hubble Space Telescope demonstrates science
as a human endeavour.
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1.4 Relativity

Science understanding

1. Motion can only be measured relative to an observer; length and time are relative quantities that depend on
the observer’s frame of reference.

2. Some measured quantities of objects travelling at very high speeds cannot be explained by Newtonian
physics. Einstein’s Theory of Special Relativity predicts significantly different results to those of Newtonian
physics for velocities approaching the speed of light.

3. The Theory of Special Relativity is based on two postulates:

e that the laws of physics are the same in all inertial reference frames.
e that the speed of light in a vacuum is an absolute constant.
4. In relativistic mechanics, there is no absolute length or time interval.

5. At relativistic speeds, time intervals in moving frames of reference are dilated when observed from a
stationary reference frame according to t = yt, where v =ﬁ is the Lorentz factor, t, is the time interval
1-5
G

in the moving frame of reference and t is the time interval in the stationary observer’s frame of reference.
*  Solve problems using t = yt, and the Lorentz factor formula.
e  Explain the effects of time dilation on objects moving at relativistic speeds.

6. Some subatomic particles exist in the laboratory for very short time periods before decaying. These same
particles are detected as part of cosmic ray showers in the atmosphere, travelling at relativistic speeds close
to the speed of light. Time dilation effects allow these particles to travel significant distances without decay.

e (Calculate and compare lifetimes and therefore distances travelled by subatomic particles in stationary
and moving reference frames.
e Solve problems involving subatomic particles moving at relativistic speeds.

7. An object moving at relativistic speeds is shorter to an observer in a stationary frame of reference, and the
length is given by: lz%o, where [ is the length in the moving object’s frame of reference and [ is the length

in the stationary observer’s frame of reference.
. l
e Solve problems using 1:70.
e Explain the effects of length contraction on objects moving at relativistic speeds.
8. The magnitude of the relativistic momentum of a moving object is given by p= ym v, where m  is the mass
of the object in the frame of reference where the object is stationary and v is the speed of the object.

e Solve problems using p= ym_Vv.
e Explain why masses moving at relativistic speeds are unable to reach the speed of light.

Introduction

In classical physics (pre-relativity), time, length and mass are absolute quantities. At low speeds, classical physics
could explain how two observers view the same event when one observer was moving. However, at very high
speeds, classical physics failed to explain the observations made. Einstein thought of space and time as one
entity. He did not consider time, length and mass as absolute quantities.

The following YouTube clip summarises the theory of relativity in simple terms. It may be worth watching before
starting this subtopic. Relative motion, time dilation and length contraction are discussed.

[ Helpful online resources

The following YouTube clip summarises the theory of relativity in simple terms.
https://www.youtube.com/watch?v=ttZCKAMpcAo
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Frames of reference

A reference frame or frame of reference is a set of coordinates used to define position. In most cases
the Cartesian reference is used. That is, an origin with a set of axes. A reference frame enables us to refer to
the position of an object and to make measurements such as length and time. A reference frame gives us a
perspective or way of viewing a situation.

Figure 1.4.1 shows a student in a laboratory. The student is stationary in the reference frame of the laboratory. The
clock indicates that the student is measuring the time it takes for an event to occur. In this case the event is the
time taken for a candle to burn out. We say that the student is stationary relative to the event.

Figure 1.4.2 shows the same student, timing the same event on a plane that is moving with a constant velocity.
This time, the frame of reference is the plane. Now pretend that you are watching the plane from the ground. You
may be referred to as a ground-based observer. The plane is now a moving reference frame and the student timing
the burning of the candle is stationary within the moving frame of reference.

Plane traveling with constant velocity

The reference frame here is the plane

The reference frame here is the laboratory

Figure 1.4.1 Figure 1.4.2

An inertial frame of reference is one in which Newton’s laws of motion apply. An inertial frame is therefore
either stationary or moving with a constant velocity.

An accelerated frame of reference is not inertial neither is one which involves a change in direction. A playground
merry-go-round is not inertial neither is an accelerating vehicle.

Suppose you were doing an experiment in class. Your reference frame would be the laboratory. You are stationary
relative to the experiment and you are in an inertial reference frame.
Viewing the same event from different frames of reference

Galileo Galilei proposed that motion is relative. In 1632 he wrote a book with a title of ‘Dialogues Concerning
the Two Chief World Systems’. In the book, Galileo described a thought experiment sometimes referred to as
‘Galileo’s ship experiment’.

The thought experiment involved dropping an object while on a ship that was moving with constant velocity. Galileo
concluded that the movement of the ship did not affect the motion of the object but the frame of reference did.

To explain this, consider a similar situation as shown in Figure 1.4.3. An object is dropped from the top of a boat’s
mast.

Boat’s velocity
B ———_

! ]

LR

-

Boat

with uniform

velocity
—

Figure 1.4.3 Figure 1.4.4
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The person dropping the object sees it fall straight down towards the deck of the boat and Newton’s laws of
motion apply. Just like Galileo, we can conclude that the object would fall in the same way it would if the boat was
stationary. That is, there is no difference between a stationary boat and one that is moving with constant velocity.

Figure 1.4.4 shows a stationary observer on the beach, who sees the stone follow a parabolic path. They observe
the object as having a horizontal component of velocity. In addition, the object has a final displacement to the
right. Recall that Galileo concluded that the movement of the boat does not affected the motion, but the frame of
reference does.

Whose observation is correct? Galileo’s explanation was simple, both observers are correct because motion is
relative.

At this point it may be worth revisiting question three in the Subtopic 1.1 exercises.

The question was about a hot air balloon drifting across the countryside when a marble was dropped over the
side. Part (e) asked you to describe the path of the marble as seen by the balloonist and a person standing on the
ground. This is essentially the same as Galileo’s thought experiment.

Figure 1.4.5 shows a person throwing a ball vertically into the air while moving forward in a vehicle.

Figure 1.4.5

From the vehicle’s frame of reference (the moving frame of reference), the person standing in the car observes the
ball moving upwards and then falling back into their hand. A person standing on the side of the road (stationary
frame of reference) observes the ball moving in a parabolic path. To this observer the ball has a horizontal
component of velocity. The final position of the ball is also different for this observer.

Relative velocity

We have already seen that motion is relative to the frame of reference. Figure 1.4.6 shows a ball being thrown
horizontally from a vehicle travelling with constant velocity.

G V,,=10ms™
. 09—

vehicle

O Q V. =20ms’

Ground based
observer

Figure 1.4.6
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The person throwing the ball is stationary within the frame of reference of the vehicle. The magnitude of the velocity
of the ball is 10.0 ms™'. To the ground-based observer the magnitude of the velocity of the ball is 30.0 ms™.

Figure 1.4.7 shows a dog chasing a postman.

24

‘ = V5= 8.00ms”

e ——

=6.00ms™

V =
postman
—

Figure 1.4.7

The postman observes the dog to be running with a velocity of 2.00 ms™ to the right (or +2.00 ms™). The dog
observes the postman’s velocity to be 2.00 ms™ to the left (or —2.00 ms™).

Galilean transformations and Maxwell - the constancy of the speed of light

Observations of objects travelling at very high speeds cannot be explained by Newtonian physics.

Although not part of this course, the Galilean transformations are a set of equations that represent the relationship
between space and time in two different frames of reference that are moving at a constant velocity relative to one
another. Newtonian physics is applied, and this assumes that space and time are absolute quantities and that
length, time, and mass are independent of the relative motion of the observer.

The Galilean transformations are of interest because, they are able to describe motion at speeds much smaller
than the speed of light. The examples discussed when examining relative velocity essentially applied the concepts
underpinning the Galilean transformations.

Consider the situation illustrated in Figure 1.4.8. Using the concepts of motion that we know, the speed of light
would depend upon the relative motion of the observer.

velocity of motorcycle, v

Lights leaves the headlight at velocity ¢
with respect to motorcycle

Lights arrives at the observer
at velocity ¢ (not v+c)

Figure 1.4.8

James Clerk Maxwell had already theorised that the speed of light is the same in all inertial reference frames.
This means that the Galilean transformation equations cannot work for light as the equations predict the speed of
light to be different depending of the frame of reference.

In fact the equations could not explain observations of objects made a very high speeds.

Consider Figure 1.4.6 again. It showed a ball being thrown horizontally from a vehicle travelling with constant
velocity. If the person throwing the ball could through it at a speed close to the speed of light (say 0.4c), and
the vehicle was travelling close to the speed of light (say 0.8c), then the magnitude of the velocity of the ball as
observed by the ground-based observer would be greater than the speed of light. Figure 1.4.9 shows that the
ground-based observer would observe the ball with a velocity of 1.2¢. This is not possible.
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=0.4c

ball

vV =0.8c

vehicle

Ground based
observer

Figure 1.4.9

[ Helpful online resources

1. This video explains frames of reference and explains clear examples
https://www.youtube.com/watch?v=CIPH7b_LAQk

2. The following online resources will help you learn more about
relative motion and the Galilean transformations.
https://www.youtube.com/watch?v=mkQYSkioO98
https://www.youtube.com/watch?v=QRKtQKCbEIl
https://www.youtube.com/watch?v=NH3_IIkSB9s

Einstein’s Theory of Special Relativity
o Key ideas

1. Motion can only be measured relative to an observer; length and time are relative quantities that

depend on the observer’s frame of reference.

2. Einstein’s Theory of Special Relativity predicts significantly different results to those of Newtonian

physics for velocities approaching the speed of light.

Two postulates of the Theory of Special Relativity

Recall that an inertial frame of reference is one in which Newton’s laws apply. An inertial reference frame is either

stationary or moving with a constant velocity. An accelerated frame of reference is not inertial neither is one which
involves a change in direction.

The Theory of Special Relativity is based on two postulates or assumptions.

1. The laws of physics are the same in all inertial reference frames.

2. The speed of light in a vacuum is an absolute constant. That is, it is the same for all inertial frames of

reference.
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Concept of simultaneity

o Key idea

In relativistic mechanics, there is no absolute length or time interval.

Two events are said to occur simultaneously if they happen at the same instant of time. Simultaneous events are
not necessarily simultaneous to all observers.

Figure 1.4.10 shows a student positioned in the middle of a train carriage that is moving with constant velocity to the right.

The two pulses of light
leave centre of the carriage
at the same time

=
I
|

S

The two pulses of light N v
reach the mirrors at the end I >
of the carriage at the
same time
! JN 1
=

— . ]

The two pulses of light L3l v
reach the centre AN ‘ NN —
of the carriage at the same

time IS |

f

Figure 1.4.70

The student sends two pulses of light that travel in opposite directions to each end of the train carriage. Mirrors at
each end of the train carriage reflect the pulses back towards the middle of the train carriage.

The student is at rest with respect to the train carriage. The light pulses were sent out simultaneously, they hit the
mirrors simultaneously and return to the centre of the carriage simultaneously.

Figure 1.4.11 illustrates the situation for a stationary ground-based observer.

The two pulses of light
leave centre of the carriage
at the same time.

One pulse reaches the back
of the carriage.

I
0 v
The other pulse reaches AMAA—> T >
the front of the carriage.
—

o~

rr—— . =

The two pulses of light
reach the centre
of the carriage at the same

n
time
FES

=

Figure 1.4.11
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The ground-based observer sees one of the light pulses reaching the back of the train carriage first. This is
because the left hand side of the carriage is moving towards the pulse and the right hand side is moving away from
the pulse. The light pulses travel with the same velocity (c) but the pulse traveling to the back of the carriage does
not travel as far before reaching the mirror. The reflection will therefore happen from the back of the train carriage
first. Time in relativity is not an absolute quantity.

The time interval between two events and the determination of whether two events are simultaneous depends on
the observer’s frame of reference.

Two events that are simultaneous in one frame of reference will not be simultaneous in a frame of reference which
is moving with respect to the other.

The ground-based observer will, however, see the pulses arrive at the centre of the carriage simultaneously.

[ Helpful online resources

The following YouTube clip explains the concept of Simultaneity
https://www.youtube.com/watch?v=wteiuxyqgtoM

Time dilation

A light clock is an imaginary device. Figure 1.4.12 shows a light clock consisting of a mirror on its bottom surface
and one on the top surface. The mirrors are separated by a distance [. A beam of light is reflected between the
two mirrors.

Reflected beam of light

‘W
ar

Figure 1.4.12
Consider a simple event, the time taken for the light to leave the bottom mirror and reach the top mirror (t,).

The time taken for this event for an observer in the light box is t, = L Thls is because light travels with a Constant
velocity, so v = § becomes t, = S = é

This is an expreSS|on for the proper time.

Proper time is the time interval between two events when measured in the reference frame in which the event is
at rest (or its rest frame).

Proper time is the shortest possible time that any observer could record for the event.

Figure 1.4.13 shows the same light clock moving with a constant velocity v to the right.

,»1 |

Figure 1.4.13
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The same event is measured by a stationary ground-based observer outside of the light clock. The time taken
for the light to reach the top mirror from the bottom mirror will be taken to be t. In a time ¢ the clock has moved a
distance vt. The distance travelled by the light /', can be calculated using Pythagoras’ theorem.

I'=JWt)2+12
ll
but =E
. VP4lP
t? = =

c? c?
2 2
2 v l 2
t(1_?)=c_2=t°
- -
v
5%

This means that to the stationary observer outside the light clock, the time taken for the light to cross between the
two mirrors (f) is larger than the time measured by the stationary observer within the time clock (t). This is because
the denominator of the above expression has a value less than one for all values of velocity v. A greater value of v,
produces a larger time for an event in the moving frame of reference.

This phenomenon is referred to as time dilation. Another way of thinking about this is that the time taken for an
event is always greater in the moving frame of reference than the frame of reference that is stationary relative to
the event.

Time in a moving reference frame is dilated when observed from a stationary reference frame according to the formula:

t=vt,
where ¥ = ] 7 is the Lorentz factor and ¢, is the time in the moving frame of reference (i.e. the reference
= # frame in which the event is at rest).

At very low velocities, the effect of time dilation is insignificant. For time dilation to be noticeable, speeds close to the
speed of light are required so that the Lorentz factor is large. Figure 1.4.14 illustrates the concept of time dilation.

The clock is stationary relative to A The clock is now in a reference frame that is A
the event (the burning of a candle). moving at high speed. When observed from a
It measures proper time stationary reference frame, the observer measures

a longer time for candle to burn. Time is dilated.

Figure 1.4.14

[ Helpful online resources

The following YouTube clip discusses the concepts discussed in the section on time dilation.
https://www.youtube.com/watch?v=HHRK60ojWdtU
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The Lorentz factor

Although not part of this course, the Lorentz transformations are a set of equations that relate the space and time
coordinates of two systems moving at a constant velocity relative to each other. They deal with situations that
involve motion close to the speed of light. They work on the assumption that space and time are not absolute and
that length, time and mass depend on the relative motion of the observer. They also assume that the speed of light
in a vacuum is constant and independent of the motion of the observer or the source of light.

The Lorentz factor (y) is used as the relative velocity increases between two inertial frames of reference. The
Lorentz factor is a ratio that indicates the factor by which length, time and mass will change in a moving reference

frame when compared to the stationary value.
v= ! 3
1=V
€

Where v is the velocity of the moving reference frame or the relative velocity between two reference frames and
c is the speed of light.

Figure 1.4.15 shows how the Lorentz factor varies as the relative velocity between two frames of reference
increases. At low velocity the Lorentz factor is approximately equal to 1, but it approaches infinity when the relative
velocity between two reference frames approaches the speed of light (v — ¢).

Lorentz factor 8

7

6

~
N~

0 0.2 0.4 0.6 0.8 1.0 1.2
Speed of light ¢

Figure 1.4.15

For convenience, the relative velocity between the two reference frames is often expressed as a fraction of the
speed of light c.

2
We can see that for a velocity of v = 0.1¢, the denominator of the Lorentz factor (4/1- ?) is close to one.

It follows that the Lorentz factor (¥ = #‘/2) is close to one.

C2

For a velocity of v = 0.999c¢, the denominator of the Lorentz factor is closer to zero. The Lorentz factor increases to
approximately 71. The closer v gets to ¢, the larger the Lorentz value.
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. Worked examples

1. Calculate the Lorentz factor for an object travelling at a speed of 0.400c¢ to three significant figures.
1 1 1
= = = =1.09
4 \/1 2 \/1 (0.400cF ~ {1 - 0.400?
- c? - c?
2. Calculate the Lorentz factor for an object travelling at a speed of 2.4 x 108 ms™.
24x10° _ g4
3.00 x 108

2.4 x 108 ms™ = 0.80c

1 1 1
- - - =17
! \/1 2 \/1 _(0.80cf ~ {1-0.80
c? c?

3. Show that at a speed of 0.98c, a time interval of 1.0 second as measured by a stationary observer is

measured as approximately 5.0 seconds by a moving observer.

1 1 1

- - - = 5.03
¥ \/1 2 \/1 (0.980f 11-0.98°
I RO

t=7yt,=5.03x1=5.03=5.0s

4. An unstable particle has a lifetime of 3.8 x 10 s as measured on a spacecraft travelling with a velocity of
95% the speed of light. Calculate the lifetime of the unstable particle as measured by a stationary observer
on a near by space station.

V=\/1_V2 =\/1_(o.95c)2 T 1-095
C2 CZ

1 1 1 P

t=9t,=832x38x10%=12x10"s

5. An observer sets up an experiment in a laboratory and records the period of a pendulum to be 2.20 s.
A second observer moving at a high speed, records the period of the pendulum to be 3.30s.

(@) State, with reason, which of the two observers records the proper time for the period of the pendulum.

Proper time is the time interval between two events measured in the reference frame in which it
is at rest. The pendulum is at rest in the laboratory. The proper time is 2.20 s.

(b) Determine the relative velocity between the two observers.

t 3.30
t =yt DIEE . - T
0 t =2.20
1 o2 1 2 _ q Y 1 1
_ LA I P R T I = 0.556
T T e ety ety T e
c? c?

Since g—i = 0.556 it follows that v = 0.746¢ or 2.24 x 108 ms™'

Extra understanding
Twin Paradox-time dilation and the implications for long-distance space travel.

The Twin Paradox is a thought experiment in which two identical twins compare their views of time. One twin
remains on Earth while the other twin travels to a distant star and back again at a very high speed. The twin on
Earth observes the travelling twin’s clock running slow. When the travelling twin returns to Earth, they will have
aged less than the twin who remained on Earth.

We have already seen that for a speed of 0.98c, one second for the travelling twin is about the same as five
seconds to the twin on Earth (worked example 3). Consider the following example. The twins are 30 years old at
the beginning of the thought experiment and ten years have elapsed as measured by the twin in the spacecratft.
The twin on Earth observes the travelling twin’s clock running slow and measuring 50 years. The twin on Earth is
now 80 years old but the travelling twin is 40 years old. The situation is illustrated in Figure 1.4.16.
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sV
C’*\y

3

Figure 1.4.16

So why is there a paradox? The travelling twin observes the twin on Earth to have aged less as the twin on Earth
is moving relative to the spacecraft. Which of the two twins is correct? The twin on Earth is in an inertial reference
frame. The twin that took the journey had to turn around and return to Earth. This is not an inertial reference frame.
Einstein’s Theory of Special Relativity applies to two reference frames that are in constant relative motion. It does
not deal with accelerating frames of reference. Non-inertial reference frames are dealt with by Einstein’s Theory of
General Relativity but is not part of this course.

[ Helpful online resources

The following YouTube clip summarises the theory of relativity, time dilation and the twin paradox.

https://www.youtube.com/watch?v=ERgwVm9gWKA

Investigate how relativistic effects are taken into consideration in the Global
Positioning System (GPS):

http://www.brighthub.com/science/space/articles/32969.aspx
http://www.astronomy.ohio-state.edu/~pogge/Ast162/Unit5/gps.html

Length contraction

We have already seen that measurements of time are dependent on the relative motion of the observer.
Proper time (t) was defined as the time interval between two events when measured in the reference frame in
which the event is at rest (or its rest frame).

In a similar fashion, measurements of length are also dependent on the relative motion of the observer.

Proper length is the longest possible length that any observer could record.

The separation of two points or the length of an object travelling at very high speed appears shorter (or contracted)
in a moving reference frame. The contraction is in the same direction as the relative motion. An expression can be
derived, just as the time dilation formula was derived.

Length contraction refers to the decrease in length of an object that is in motion relative to an observer.
Length in a moving reference frame is contracted when observed from a stationary frame of reference according

l
to the formula: [ = —;-
where? = _\/1=v2 is the Lorentz factor and /, is the length in the frame of reference where the object is stationary.
1-*%
@
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At very low velocities, the effect of length contraction is insignificant. For length contraction to be noticeable,
speeds close to the speed of light are required so that the Lorentz factor is large. Figure 1.4.17 illustrates the
concept of length contraction.

moving frame

-—
Stationary frame
I - | | *——-—k\l P et
Length contracts along direction
of motion when compared with
stationery frame
Figure 1.4.17

. Worked examples

1. Aphysicist measures the length of a motion trolley to be 32.0 cm. The motion trolley is placed on a spacecraft
travelling with a velocity of 1.50 x 108 ms™". The physicist remains on Earth.

(@) Calculate the Lorentz factor for the spacecraft travelling with a velocity of 1.50 x 108 ms™'.

180 x10° _ 500 - 1.50 x 10° ms~' = 0.500¢
3.00 x 108

1 1 1
= - . ~115
! g e =05

I

(b) Calculate the length of the motion trolley as observed by the scientist while it is on the spacecraft moving
with a velocity of 1.50 x 108 ms™.

(c) Calculate the speed with which the spacecraft must travel in order for the motion trolley’s length to
measure 25.0 cm.

l:li * Y=£=@=128
y o [ 250
_ 1 WA 1 v: T . 2 _ 1 _ 1 _
y= 1 o 7—1 2 1—?_}/—2 . C—2_1—y—2_ 1_1.282_0'390
? ?

2
Since +- = 0.390 it follows that v = 0.624c or 1.87 x 108 ms™'
€
2. Proxima Centuri is one of the stars in the Alpha Centauri triple-star system. This is the star closest to Earth at
a distance of 4.24 light years away as measured from Earth. One light year is the distance travelled by light
in one year.

Calculate the distance to Proxima Centuri as measured by an astronaut in a rocket travelling towards Proxima
Centuri at a speed of 0.780c.

1 1 1
= - - =1.60
g o oI o
c? c?
ly 424 .
1=2 =222 _ 9 65 light years
Y 1.60 Gy
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3. Two astronauts Alex and Sam are flying identical spacecraft which have a length of 150 m. The spacecrafts
are travelling with a velocity of 0.200c relative to one another.

(@) Determine the length of Alex’s spacecraft relative to Sam.

1 1 1
- - - —1.02
' i 020 " =000
c? c?
=0 180 _ 447
Y 1.02

(b) State with reason, the length of Sam’s spacecraft relative to Alex.

The situation is symmetrical. Alex with observe Sam’s spacecraft to be 147 m long.

[ Helpful online resources

The following YouTube clip discusses the difficulties surrounding providing experimental
evidence of length contraction. There is an indirect way to measure the relativistic effects of
length contraction in relation to magnetism:

https://www.youtube.com/watch?v=1TKSAKWWNO

Muon decay experiment

Muons are subatomic as particles called leptons. Such particles will be discussed in Subtopic 3.4. Muons can be
produced in a laboratory and have a short average lifetime of 2.2 x 10¢ s,

Muons are also created when cosmic rays in the Earth’s upper atmosphere collide with nitrogen and oxygen nuclei.
This occurs at a distance of around 10 km above the Earth’s surface. Muons have a large velocity close to the
speed of light (0.99¢). As they travel through the atmosphere they will quickly decay. In the time that they decay,
and without taking relativistic effects into account, muons are not expected to reach the Earth’s surface. A simple
calculation (s = vt = 0.99 x 3.00 x 108 x 2.2 x 10° = 650m) shows that the muons would travel approximately
650 m before decaying. This is far smaller that the 10 km they would need to travel to reach the Earth’s surface.

Another way of looking at the situation is to calculate the time it would take a muon to reach the Earth surface,

3
10km away at a speed of 0.99¢. A simple calculation shows that it would take t = So 10x10 ;=34 x107°s.
34510 v 0.99 x 3.00 x 10
==~ _=15).

2.2x107°

This means that the number of muons expected to reach the Earth’s surface, if any at all, would be very low.
The question is, ‘why then, are a significant number of muons detected reaching the Earth’s surface as shown in
Figure 1.4.18.

This is equivalent to about 15 half lives (

0
/

‘shower
of particles’

cosmic rays from Sun

some muons
reaching surface

some muons decay
before reaching surface

Earth

Figure 1.4.18
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If relativistic effects are taken into account then a lifetime of 2.2 x 10%s in the muon’s reference frame will be time
dilated to a stationary observer on Earth.
1 L 1 =7.1)

\/1_ v =\/1 _0.9%F T 1099
C C

To an observer on Earth, the average lifetime of a muon is 7.1 times longer than 2.2 x 10°%s (or 15.6 x 10 s).
[t can be expected that muons will reach the Earth’s surface as the time taken to reach the Earth’s surface will be

just over 2 half lives (3:4x10° _5 o).
15.6x10

In the muon’s frame of reference they exist for an average time of 2.2 x 10°s. They make it down to the Earth’s
surface because the atmosphere (and Earth) is moving with respect to the muon. This means that the atmosphere
is length contracted.

The Lorentz factor for a speed of 0.99c is 7.1 (y =

The 10 km distance as measured by an observer on the Earth will only be % =14 km.

There will be a significant number of the muons that last long enough for the Earth to travel this distance towards them.

Relativistic mass

Mass, just like time and length is affected by relative motion. A frame that is moving with a speed v with respect to
the object will record a larger mass called the relativistic mass. This is also the mass of the object moving with
a velocity v relative to a stationary observer.

As the speed of the object increases, so too does its mass. We already know that energy is required, that is, work
must be done to increase an object’s speed. Einstein believed that mass and energy are interchangeable. The gain
in energy at very high speeds is due to a gain in mass.

Mass in a moving reference frame is increased when observed from a stationary reference frame according to: m = ym,

where ¥ = ﬁ is the Lorentz factor and m,,is the mass in the frame of reference where the object is stationary.
-
€

Objects moving at relativistic speeds are unable to reach the speed of light

As an object’s speed approaches the speed of light, ¢, it’s mass will increase.
]
0

= oo),

At the speed of light, the Lorentz factor is infinitely large (¥ = \/ 1 i 1 i
1- \/1 -
c c

The mass of the object, m = ym , will also become infinitely large. According to Newton’s Second Law, F = ma, the
force required to accelerate the object would be infinite. This would require an infinite amount of energy which is
not possible. This means that an object can never travel at a speed equal to, or greater than, the speed of light.
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Momentum

Momentum is defined as the product of an object’s mass and velocity. The magnitude of the relativistic momentum
of a moving object is given by

. Worked examples

1. (a) Calculate the relativistic mass of an electron moving at 95% the speed of light.

yo 1 1 _
\/1 V2 \/1 _(0.95¢cF  {1-0.95
c? ¢’

m=ym,=32x9.11x10% =29 x 10% kg
(b) Calculate the relativistic momentum of the electron moving at 95% the speed of light.
p=mv=29x 10 x 0.95 x 3.00 x 102 = 8.3 x 107 s
2. An object with a mass of 3.5 kg is accelerated to a velocity of 2.0 x 108 ms™.
Determine the relativistic momentum of the object

2.0x 108

m =067 .. 2.0x108ms'=0.67c
5 X

1 1 1
_ _ _ — 1.347
i \/1 7 \/1 (0.67cF  11-0672
c? c?

p=mv=ymy=1347 x 3.5 x 2.0 x 10° = 9.4 x 10° SN
Extra understanding

Relativity and an upper limit for velocity

Consider the Lorentz factor. As discussed earlier in the chapter, when the relative velocity between two observers is

equal to the speed of light ¢, then the Lorentz factor is infinite (¥ = \/ 1 i 2= % = ). It follows that t = yt,
1-% \/1 -
c c

becomes infinite.

This would mean that a clock in a moving frame of reference would measure an infinite time. In other words, time

0 e l . . .
would stand still. Similarly, 1:70 = 0. This would mean that the effect of length contraction would be that an object

has zero length in the direction of travel. Additionally, m = ym  indicates that mass would be infinite. The Theory of
Special Relativity therefore sets an upper limit for the speed of an object to be the speed of light. It also indicates
that this speed cannot be achieved.

A& Science as a human endeavour

Some possible ideas for investigation are:

1. Explore how new evidence led scientists to modify models to account for high-speed particles which
exhibited properties that were inconsistent with Newtonian physics.

2. In what way has the evidence from different sources, such as X-rays from binary star systems and
other experiments on moving gamma radiation sources, supported Einstein’s second postulate of
relativity?

3. What happens if you try to apply the equation for the relativistic momentum of a moving object to a
photon? Explain in terms of the postulates of special relativity.
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- Exercises

1. The diagram below shows a passenger on a train walking at a velocity of 1.2 ms™ to the left. The train is
moving with a velocity of 15 ms™ to the right.

X

15 ms’

0

State the velocity of the passenger in the

(@) frame of reference of the train.

(b) ground-observer’s frame of reference.

2. The diagram below shows a runner and three other observers.

State the velocity of the runner as observed in each of the three other reference frames.

(@ John’s reference frame.

(b) Jane’s reference frame.

(c) Taylor’s reference frame.

3. Define the term inertial reference frame

4. State the two postulates of the Theory of Special Relativity.
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5. The diagram below shows Bob reflecting a pulse of light between two mirrors M, and M,. Bob is in a reference
frame that is moving to the right relative to Amy.

~N
Consider a pulse of light leaving M, and reaching M,,.
(@ On the diagram, draw the path of the pulse of light as seen by Amy.

(o) Explain why Amy sees the pulse of light reach M, after Bob.

(c) Bobis traveling with a speed of 0.500c and records the time taken for the pulse of light to reach to M, as t.

In terms of ¢, determine the time taken for the pulse of light to reach to M, as observed by Amy.

6. Show that at a speed of 0.85¢, a time interval of half a minute measured by a stationary observer is measured
as approximately 57 seconds by a moving observer.

7. Aspace probe travelling with a velocity of 0.600c emits a light signal that lasts 10.0 s towards a nearby space
station. An observer on the space station observes the signal for a time interval greater than 10.0 s.

(@) Explain why the observer on the space station sees the light signal for a time interval greater than 10.0 s.
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8. The diagram below shows a red beacon located on the top of an aircraft.

A pilot flying the plane at 2.7 x 10 ms™"turns the red flashing light on. The light flashes every 3.0 s.

(@ Calculate the Lorentz factor for the aircraft flying at 2.7 x 108 ms™.

9. The Twin Paradox is an imaginary situation involving two twins. One twin stays on Earth while the another
travels a large distance at a speed close to the speed of light before returning to Earth. At the end of the
journey, the twin that stayed on Earth thinks that the twin that took the journey is younger.

Explain why the twin that stayed on Earth thinks a longer period of time has passed compared to the twin
that took the journey.

10. Two astronauts Peter and Jane are flying identical spacecraft which have a length of 20.0 m. The spacecraft
are traveling with a velocity of 0.400c relative to one another.

(@) Determine the length of Peter’s spacecraft relative to Jane.
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11. A spacecraft leaving the Earth’s surface at a constant speed of 0.600c flashes a beam of light back towards
the Earth. The spacecraft carries several metal rods of length L.

(@) Calculate the Lorentz factor for the spacecraft travelling at 0.600c.

(c) State, in terms of L, the length of the metal rods as measured by an

() astronaut on the spacecraft.

12. The diagram below shows an athlete preparing to throw a javelin. The athlete is running while holding the
javelin horizontally above his shoulder. The javelin has a length of 2.6 m.

~

Imagine a situation in which the athlete could run at a speed of 1.6 x 108 ms™'.
(@) Express the speed of the runner in terms of the speed of light c.

(c) The athlete runs faster and the observer in the grandstand observes the javelin to have a length of 2.0 m.

Calculate the velocity of the athlete relative to the observer.
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13. The diagram below shows a rocket travelling to the left at a speed close to the speed of light. It is carrying a
cylindrical drum of supplies for a space station.

_d
— g
Y

Redraw the cylindrical drum as seen by an observer on Earth. Justify your answer.

14. The Lorentz factor for a speed of 0.95c is 3.2.

An alpha particle is travelling at a constant speed of 0.95c¢ in a vacuum. A laboratory observer measures the
distance that the alpha particle penetrates the air to be 18 cm.

Calculate the distance that the observer moves as measured in the alpha particle’s frame of reference. Explain
your answer.

15. Calculate, to three significant figures, the relative velocity between two inertial observers that reduces the
proper length by 50%.

16. Muons are created in the upper atmosphere at a height of 10.0 km above the surface of the Earth. The muons
have an average lifespan of 2.20 x 10 s before decaying and travel at a speed of 0.980c.

(@) Show that the muons travel an average distance of 647 m before decaying and are therefore unlikely to
reach the Earth’s surface.

(b) Calculate the time it would take the muons to reach the Earth’s surface at a speed of 0.980c.
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(c) With the aid of a calculation, explain why the muons as observed from Earth have an average lifespan
of 1.11 x 10°® s,

(d) Explain how the Theory of Special Relativity helps explain why a significant number of muons are detected
at the surface of the Earth.

17. An observer in a reference frame A measures the mass of a ball, its width and the time taken for the ball to fall
vertically, bounce and return to its original position. The observer is at rest relative to the ball.
A second observer in a reference frame B is moving with a velocity of 2.50 x 108 ms™ in a horizontal direction
relative to the observer in reference frame A. The observer in reference frame B measures the mass of the
same ball, its width and the time taken for the ball to fall vertically, bounce and return to its original position.
(@) Calculate the factor by which the measurements made by the observer in reference frame B differ from
the measurements made by the observer in reference frame A.
(b) Complete the table below by stating whether the observer in reference frame B measures the mass,
width and the time taken for a ball to fall vertically and bounce and return to its original position as greater,
smaller or the same as the observer in reference frame A.
Quantity being measured Effect of relative motion on measurement
MMASS Rttt
G SO
M taken tODOUNCE | e
18. The Lorentz factor for an object travelling at 0.500c is 1.15.

A proton of mass 1.67 x 10" kg is accelerated to a speed of 0.500c.

(@ Calculate the mass of the proton travelling at 0.500c.

(b) Calculate the momentum of the proton at a speed of 0.500c.
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19. An object with a mass of 200 g is accelerated to a velocity of 2.8 x 108 ms™".

Determine the momentum of the object when the effects of relativity are taken into account.

20. Define each of the following terms in the context of relativity.

(@ Time dilation

21. (@) Explain why an increase in mass is only significant at relativistic speeds.
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& 22. Science as a human endeavour activity — Relativity

Date: May 29, 2019
Source: Breakthrough Needed? Starshot Interstellar-Flight Project Faces Challenges
https://www.space.com/interstellar-flight-breakthrough-starshot-challenges.htmi

In 2016 the Starshot Probes project was announced. A large array of lasers on the Earth will form one
single powerful beam of around 100 gigawatts. The beam is directed towards a highly reflective solar sail,
which is already in orbit. The solar sail is attached to a small Starshot probe. The probe would be about the
size of a postage stamp, with a mass of around one gram. The powerful laser beam will propel the probes
to relativistic speeds of 0.2c.

The fast moving Starshot probes could reach Pluto in as little as 3.5 days, and reach nearby exoplanets
such a Proxima b in just over 20 years. Proxima b is a potentially life-supporting world which is about
4.2 light-years away. It would take a traditional spacecraft several tens of thousands of years to reach.

The project is not without its challenges. Scientists know the signal returning to Earth will be weak and
being so small, it will be difficult to place the necessary electronics on board. Additionally, the probe will
gain mass at relativistic speeds and will require a more powerful laser beam.

Describe two ways in which the Starshot Probes project demonstrate science as a human endeavour.
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Topic 2: Electricity and magnetism
2.1 Electric fields

Science understanding

1. Electrostatically charged objects exert forces upon one another; the magnitude of these forces can be
calculated using Coulomb’s Law.

_1 9%

de, r?

e Using proportionality, discuss changes in the magnitude of the force on each of the charges as a result
of a change in one or both of the charges and/or a change in the distance between them.

e Describe how the electric forces are consistent with Newton'’s Third Law.

e  Solve problems involving the use of: F =

2. When more than two point charges are present, the force on any one of them is equal to the vector sum of
the forces due to each of the other point charges.

e Use vector addition in one dimension or two dimensions (with right-angled, or equilateral triangles) to
calculate the magnitude and direction of the force on a point charge due to two other point charges.

3. Point charges and charged objects produce electric fields in the space that surrounds them. A charged
object in an electric field experiences an electric force.

The direction and number of electric field lines per unit area represent the direction and magnitude of the
electric field.

e  Sketch the electric field lines:
(i)  for anisolated positive or negative point charge and for two point charges
(i) between and near the edges of two finite oppositely charged parallel plates.

4. A positively charged body placed in an electric field will experience a force in the direction of the field; the
strength of the electric field is defined as the force per unit charge

«  Solve problems involving the use of: E=L.

1.9
dmey re’
%, for one isolated point charge.
E

e Using Coulomb’s Law, derive the formula: £ =

. 1
I I E=
e  Solve problems using T,
e  Use vector addition in one one dimension or two dimensions (with right-angled, or equilateral triangles)
to determine the magnitude and direction of an electric field due to two point charges.

5. There is no electric field inside a hollow conductor of any shape, provided that there is no charge in the cavity.
e  Sketch the electric field produced by a hollow spherical charged conductor.

6. Electric fields are strongest near sharp points on conductors. These fields may be large enough to ionise
molecules in the air near of the sharp points, resulting in charge movement away from the conductor. This
is called a ‘corona discharge’.

e  Sketch the electric field produced by a charged conductor of an irregular shape.
e  Explain how the electric field near sharp points may ionise the air.

Coulomb’s Law was introduced in subtopic 2.1 Potential difference and electric current of the Stage 1
Workbook.
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Electric force

In the Stage 1 Workbook we saw that electrostatically charged objects exert a force upon one another.

: :. ] : <. : : <.
Figure 2.1.1 Figure 2.1.2

Electric forces are non—contact forces. A positively charged object will exert a repulsive force upon a second
positively charged object that will push the two objects apart as shown in Figure 2.1.1. The same concept applies
for two negatively charged objects.

A positively charged object will exert an attractive force upon a negatively charged object that will draw the two
objects together as shown in Figure 2.1.2.

Coulomb’s Law
The electric force of attraction or repulsion between two charged objects is directly proportional to the product
of the two charges and inversely proportional to the square of the distance between their centres.

The electric force acts along the line joining the centres of the charges as though the charge were concentrated
at a point. In physics we often refer to such charges as point charges.

__1 9g,
dme, r?

where g, and g, represent the magnitude of the charges in Coulombs

ris the distance between the centre of the charges in metres

Tme. is Coulomb’s Law constant = 8.99 x 10° Nm?C-?
0

F is the force in Newtons

- Worked Example
Two charged spheres are placed 40.0 cm apart in a vacuum. Charge g, = +3.00 mC and g, = -5.00 mC.
Calculate the magnitude and direction of the force acting between the two spheres.

0 -3 o
_ 1 q1_<272=8.99><10 x 3.00 x 10 x 5.00 x 10 _843x10° N attraction
dre, r

0.4002
Protons and electrons

It will be assumed that you know that the magnitude of the charge of an electron and a proton are the same and
that a proton has a positive charge while an electron has a negative charge. The symbol for the charge of an
electron is e and the magnitude of the charge is provided on the formula sheet. For an electrone =-1.60 x 107° C.

You may also require the mass of the electron and proton in order to solve problems. Both of these are found on
the formula sheet.
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Applying the concept of proportionality

Proportionality can be used to determine the change in the magnitude of the electric force between two charges
as a result of a change in one or both of the charges and/or a change in the distance between them. The concept
of proportionality was introduced and applied to gravitational forces in subtopic 1.2.

(i)  The electric force is proportional to one charge, providing the other charge and the distance between the
charges does not change.

This concept is illustrated by example. If one charge is replaced with one having twice the charge, the electric
force between the two charges will double. Similarly if one charge is replaced with one having a charge that is ten
times smaller, then the electric force between the two charges will decrease by a factor of ten.

(i) The electric force is proportional to the product of the two charges, providing the distance between the centre
of the two charges does not change.

An example to illustrate this concept is that if one charge is replaced with one having double its charge and
the other charge is replaced with a charge having five times its charge, then the electric force between the two
charges becomes ten times larger.

(i) The electric force is inversely proportional to the square of the distance between the centre of the two
charges, providing the magnitude of the charges does not change.

An example to illustrate this concept is that if the distance between the centre of the two charges is increased by
a factor of five, then the electric force becomes 25 times smaller.

Note: An attractive force becomes a repulsive force and vice versa if the sign of one of the charges is reversed.

. Worked Example

A force of magnitude 35.0 N acts between two charges. Determine the magnitude of the force acting between
the charges if

(@) one charge is replaced with one with triple its charge.
Fo.q, q,, rconstant

If one charge is replaced with one that has three times its charge, the magnitude of the force
triples to 105 N.

(b) both charges are replaced with charges that have triple their charge.
Faqg,q, rconstant

If both charges are replaced with charges that have triple their charge, the magnitude of the
force increases by a factor of 9 to 315 N.

(c) one charge is replaced with one with triple its charge and the distance is doubled.

If one charge is replaced with one that has three times its charge, the magnitude of the force
triples. In addition, if the distance between the charges doubles, the magnitude of the force
between the charges is reduced by a factor of 4. The combined effect is that the magnitude of
the force changes by a factor of % to become % x 35.0 = 26.3N.
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Electric forces are consistent with Newton’s Third Law

- O

Figure 2.1.3 Figure 2.1.4
Consider the force acting between two charges as shown in Figures 2.1.3 and 2.1.4. The magnitude of the force is
1
given by F = m% where g, and g, represent the magnitude of the charges. This is a mutual force. This means
0

that the magnitude of the force on each charge is the same. The diagrams clearly show that the direction of the
force on each charge acts in the opposite direction. Newton’s Third Law states that if object A exerts a force
on another object B, then object B exerts an equal and opposite force on object A. Electric forces are therefore
consistent with Newton'’s Third Law.

& Science as a human endeavour

Explore an example of the development of complex models using evidence from many sources using the
video: Coulomb’s Law: https://youtu.be/B5LVoU_a08c

Electric forces and the principle of superposition

Coulomb’s Law can be used to calculate the force between two charges but when there are more than two
charges the force acting on any one of them can be calculated by adding the force acting on it due to each of
the other charges present. Since force is a vector quantity, this will involve a vector addition of the forces acting.

This leads to the principle of superposition for electric forces which states:

When more than two point charges are present, the force on any one of them is a vector sum of the electric
forces acting due to each of the other point charges present.

This course only requires that you consider the case when there are three point charges present. You will need to
be able to solve one dimensional and two dimensional problems which involve right-angled or equilateral triangles.
Two examples are outlined below. It should be noted that while the symbols g, and q, are the symbols most often
used in questions, there will be times when other symbols are used to represent charges e.g. g,, Q or Q, You
should be able to apply Coulomb’s Law in these situations by adjusting the symbols accordingly.

. Worked Examples

1. Two point charges g, = +2.5 x 10° C and g, = +4.0 x 10° C are placed 15 cm apart in a vacuum. A third
charge g, =-1.0 x 10° C is placed midway between them.

r,=7.5cm r,=17.5cm

»
I

o
q,=+25x10¢C  q,=-1.0x10°C @, =+4.0x10°C

oA
O\r

Calculate the magnitude and direction of the total force acting on q,.
1 gg,_8.99x 109 x 2.5 x 10°® x 1.0 x 10°°

Force due to I = =40 N <
@ 4re, 1} 0.075°
9 -6 -6
Force duetoq, F,= 1 ngs _ 899 x10° x 4.0 x 1(2:) x 1.0 x 10 64 N —
4dme, T, 0.075
Total force F=F+F,=40 <+64—=24 N —
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2. Consider three point charges positioned in a vacuum as shown in the diagram below.

r,=4.0cm
Q, =+8.0NnC Opremremmeenenes O Q,=+4.0nC

n
-~
.~
.

- 1 p,=3.0cm
rn=50cm ™ :

.~

Oq,=-60nC

(@ Calculate the magnitude and direction of the force acting on Q, due to Q..
1 C21Qz=8.99><109><8.0><10-9><4.O><1O‘9

Ame, 1] 0.0407?

(o) Calculate the magnitude and direction of the force acting on Q, due to Q..

1 QQ, 8.99x10°x4.0x10°x 6.0 x10?

=1.8x10* N —

F, =

3= B =24x10" N |
4me, 1, 0.040?
() Calculate the total or resultant force F on Q,.
1.8 x 10N
F =(1.8x10%% +(2.4x10%? =3.0x10* N ; 2

_ -1 2.4><10_4 — o
0 =tan (1.8X1O_4)_53 \ 2.4 x 10N

F = 3.0 x 10 N 53° clockwise from the line joining Q, and Q,

Electric fields

In accordance with Coulomb’s Law, two charges exert a force on each other even though the charges are not in
contact. This is because there is a field around each charge and we call this field an electric field. It is the electric
field around each charge that produces a force on the other charge. Instead of saying that the two charges exert
a force on each other we can say that the field of one charge exerts a force on the other charge.

In general, all electric charges establish an electric field (£) in the space that surrounds them. A charged object in
an electric field experiences an electric force.

Representing electric fields

0 Helpful online resource

fields surrounding charges.

https://phet.colorado.edu/en/simulations/charges-and-fields

Since a charge in an electric field experiences a force, we can represent the electric field with lines of force called
electric field lines. By definition, the direction of an electric field is taken as the direction a positive test charge
would move. A test charge is simply a very small charge with a weak electric field in the space surrounding it. It
will not interfere with the electric field created by a charge.

Consider the electric field surrounding an isolated positive charge as shown in Figure 2.1.5. At any point, a positive
test charge will experience a force away from the positive charge. Using Coulomb’s Law, the force on the positive
test charge will decreases with distance (F aiz). It follows that the electric field is weaker further from the isolated
charge. r
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The electric field surrounding an isolated positive charge is directed radially outwards.
This is because the direction of the electric field is determined by the direction of the
force on a positive test charge. The electric field is also non—uniform. A positive test
charge will experience a greater force closer to the positive charge creating the electric
field. There are more electric field lines per unit area closer to the charge creating the
field. This indicates that the electric field is stronger.

Figure 2.1.5

The arrows in electric field diagrams represent the direction a positive test charge would move.

The number of electric field lines per unit area represents the magnitude of the electric field. The greater the
number of electric field lines, the stronger the field.

Electric field lines leave and enter the surface of a conductor at right angles. Although it is no longer part of this
course to explain why, your teacher may explain why this is the case.

The electric field surrounding an isolated negative point charge is shown in Figure 2.1.6. The electric field
surrounding two point charges of unlike and like sign are shown in Figures 2.1.7 and 2.1.8 respectively and the
electric field in the region between two finite charged parallel conducting plates is illustrated in Figure 2.1.9.

Figure 2.1.6: The electric field for an isolated negative charge

Figure 2.1.7: Two point charges with unlike sign Figure 2.1.8: Two point charges with like sign

Figure 2.1.9 shows the electric field between two finite
parallel conducting plates with equal and opposite  © © ©© 6 6 6 6 6 &
charges per unit area is uniform between the plates.
This is represented by evenly spaced electric field lines
and means that a positive test charge will experience
the same force no matter where it is placed within the
electric field.

Near and beyond the edges of the plates the electric ® © © © © © © © © ®
field is non—uniform. This is commonly referred to as the

‘end effect’. The end effect is a result of the field lines Figure 2.1.9

leaving and arrive on the surface of the plates at right

angles.
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Science as a human endeavour activity — Electric fields

- ” »L

Shark Shields

Atypical Shark Shield is shown in Figure 2.1.10. It consists
of two electrodes in a long cord that trails behind the
user. The device can be worn around the ankle and some
models can be fitted to a surf board. When a small current
passes through the electrodes, an electric field is emitted
and surrounds the user.

Figure 2.1.10

Figure 2.1.11

Figure 2.1.11 shows the Shark Shield in action. Sharks have an electrical receptor in their snouts called
the ‘Ampullae of Lorenzini® which contains tiny gel filled sacs. This organ can sense electric fields created
by nearby prey (usually about one metre away). The electric fields are created by any muscle activations
such as the heartbeat of a fish. When the shark approaches the electric field created by the Shark Shield
that surrounds the user, the electric field is much stronger than that created by prey and causes the gel
filled sacs to spasm. This is believed to create an uncomfortable sensation for the shark and it quickly turns
away.

The idea that sharks may be affected by electric fields was discovered in 1995. The Shark Shield took over
20 years to develop. Its effectiveness is still being research, including here in South Australia. Research has
discovered that the effect is not uniform across all sharks including the Great White Shark.

The device is important in not only protecting the user but in removing the need for culling sharks. There is
no known long term effect on sharks or other sea animals.

Describe how application and limitation, one of the key concepts of science as a human endeavour applies
to Shark Shields.

Suggested solution

Scientific knowledge, understanding, and inquiry has enabled scientists to develop a solution to shark
attacks which often result in human injury or death. The electric field that is created by a current passing
through an electrode surrounds the user and irritates the shark causing it to turn away from the user.
This application not only has the benefit of saving lives, but the shark is not harmed in any way. The main
limitation is that the effect of the Shark Shield is not uniform across all sharks which means that there is
a risk that the user may still be attacked. Further monitoring and assessment will help scientists better
understand how this technology can be improved.
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? Science inquiry activity

The following is a possible idea for a science investigation.

Use electric field sensors to map electric fields and explore the relationship between electric field strength
and distance from charged conductors.

Electric field strength

We have already discussed that a charged object experiences a force in an electric field.

The strength of an electric field (E) at a point is defined as the electric force F per unit charge (q) experienced by
a small positive test charge when placed at that point in the field.

As an equation, we write
E=
The Sl unit of electric field is Newton per Coulomb (NC).

Q|

The direction of the electric field is the same as the direction of the force experienced by a positive test charge.
This means that the direction of the electric force on a charge is parallel to the field if the charge is positive and
antiparallel if the charge is negative.

- Worked Examples

1. An electron experiences a force of magnitude 2.8 x 10" N when it is placed at a point in an electric field.
Calculate the magnitude of the electric field at the point where the electron is placed.

E-£_28x10% _qg,q0°NG

2. The uniform electric field E, in a given region has a magnitude of 2.00 x 10° NC'and acts to the left of the
page as shown below.

-

E

(@) Calculate the magnitude and direction of the force acting on a +2.0 pC charge.
F=Eq=2.00 x10° x 2.0 x 10°=4.0x10° N <

(b) The +2.0 uC charge is replaced with another charge of magnitude —2.0 puC. Describe how the magnitude
and direction of the force acting on the —2.0 pC charge would differ, if at all.

A A A

The magnitude of the force will not differ as the magnitude of the charge has not changed.
Since the charge is negative, it will move anti—parallel to the electric field i.e. to the right.

The magnitude of an electric field at a distance () from an isolated
point charge g

Consider a point P, at a distance r from an isolated point charge g creating an electric field.

The magnitude of the electric field is a measure of the force per unit charge on a small positive test charge. If a small
positive test charge (g,) were placed at P, then the force acting between the positive test charge and the charge g

1 qq,

would be given by: F =
VOOV = e, 7 1 .
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The magnitude of the electric field (£) at a distance r from an isolated point charge g is given by:

Note:
The direction of the electric field is given by the direction of the force on a positive test charge.
1 If q is positive then the direction of the electric field is radially away from q.

2 If g is negative then the direction of the electric field is radially towards g.

. Worked Example

(@) Calculate the magnitude and direction of the electric field 1.50 cm from a +30.0 nC charge.

9 -9
E-_ %= e U0 R B0M0 < 1D =1.20x10° NC™' radially outwards
dare, 1 0.01502
(b) Calculate the force, F that an electron would experience 1.50 cm from the +30.0 nC charge.
F=Eg=1.20 x 106 x 1.60 x 107® = 1.92 x 10-"* N radially inwards

(c) Use proportionality to determine the magnitude of the electric field at a point 15.0 cm from the +30.0 nC
charge.

Since Ear1_2 it follows that if the distance from the charge creating the electric field is increased

by a factor of ten, then the electric field becomes 100 times smaller i.e. 1.20 x 10* NC'

Electric fields and the principle of superposition

The magnitude of the electric field Eat a distance from an isolated point charge can be calculated using the

formula E =#r% If there is more than one charge present, the electric field at any point can be determined by
0

calculating the electric field at that point due to each of the charges present and performing a vector sum. This

is because electric field is a vector quantity. This principle is similar to the principle of superposition applied to

electric forces.

This leads to the idea of the principle of superposition for electric fields which states:

The electric field acting at a point when more than one point charge is present is a vector sum of the individual

electric fields at that point due to each of the point charges present.

This course only requires that you consider the case when there are two point charges present. Two examples are
outlined below. It should be noted that while the symbols g, and g, are the symbols most often used in questions,
there will be times when other symbols are used to represent charges e.g. g, Q or Q, You should be able to apply
the electric field formula in these situations by adjusting the symbols accordingly.

. Worked Examples

1. Two point charges g, = +2.0 x 10° C and g, = -3.5 x 10° C are separated by a distance of 25 cm in a
vacuum. Calculate the electric field at a point P which is located between the charges at a distance of 8.0 cm
from A and 17.0 cm from B as shown below.

r,=8.0cm p=17.0cm
Q---------- @-----mmmme e 2
g,=+2.0x10°C P gy =-3.5%x10°C
, = 1 g, 899x10°x2.0 x10° .
E field due to qA Ea= e r—g = 0.080° =2.8x1 O6 NC LN Hint: The direction
3 : oA — 10'9 B is determined by the
E field due to g, Es = q_,;: : : =11x10° NC' — direction of the force
4ge, Iy 0.170? on a positive test
charge

E,=28x10°—> + 11x10°— =39x10° NC' —
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2. Two protons are separated by a small distance in a vacuum. Explain why the magnitude of the electric field
at a point midway between the two protons is zero.

r r
Q---------mm-e- ACEREREEEEEEEEEEE 0
g=+1.6x10"9C P g=+1.6x10"9C
proton 1 proton 2
The electric field at the midpoint P due to proton 1 has a magnitude given by E=#r% and
0
acts to the right. The electric field at the midpoint P due to proton 2 has a magnitude given by
E=#rﬂ2 and acts to the left. Since the magnitude of the field at P due to each proton is the
0

same but the electric field acts in the opposite direction, then the two electric fields cancel to
ZEro.

The electric field inside a hollow conductor

In the Stage 1 Workbook, the idea of charging objects negatively or positively was discussed. A neutral object
has negative and positive charge in equal magnitude in the form of electrons and protons. If negative charge in
the form of electrons is introduced to an object, it becomes negatively charged due to having excess negative
charge. If electrons or negative charge is removed from the object it becomes positively charged due to having
excess positive charge.

Consider a hollow spherical charged conductor. The excess charged particles will undergo electrostatic repulsion,
causing them to move as far apart as possible. To do this, they occupy the largest surface area possible i.e. they
reside on the outside surface of the conductor.

This means there is no electric field inside the conductor as there are no charges to provide the field. In addition,
if a positive test charge is used to detect the presence of an electric field inside the hollow charged conductor,
the sum of the electric fields due to each charge on the surface is zero because the fields cancel. Figure 2.1.12
illustrates this idea by using a simplified model of only eight charges distributed evenly on the surface of the
conductor. Using the Principal of Superposition, the electric field at the centre of the hollow conductor is zero
because the individual electric fields due to each charge on the surface cancel. Although quite complex, it can
be shown that the net force on a positive test charge placed anywhere inside the hollow conductor is zero. This
means that the electric field anywhere inside the hollow charged spherical conductor is zero providing there is no
charge inside the cavity. This concept is extended to a charged conductor of any shape.

+
+ +
+ +
+ +
+
Figure 2.1.12

Figure 2.1.13
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Electrostatic shielding

Michael Faraday was an English scientist who invented the Faraday cage
in 1836. Faraday demonstrated the idea that there is no electric field
inside a charged hollow conductor. To do this he constructed a small
room inside a larger room and covered the smaller room with metal foil.
Faraday reportedly sat inside the smaller room with an electroscope which
could detect the presence of charge. He used an electrostatic generator
to charge both rooms and watched while sparks were created between
the two rooms. The electroscope did not detect any charge in the smaller
room. The smaller room covered in foil protected Faraday from the static
charge because it remained on the outside surface of the inner room
without penetrating the room. That is, Faraday was shielded from the
electric field. The room was called a Faraday cage. This term is still used Figure 2.1.14
today to describe any closed conducting surface. Faraday cages can also

be made from metal mesh.

Figure 2.1.14 shows a person being shielded from an electrical discharge by a Faraday cage. Faraday
cages can also shield objects from electromagnetic radiation. They will distribute charges or electromagnetic
radiation on the outside of the cage and are used to protect electrical components including computer chips.

Figure 2.1.15 illustrates a Faraday suit. This type of suit is used to protect electricians or anyone working
on live wires from unexpected electrical discharge. Figure 2.1.16 shows the metal casing and mesh in
the door of a microwave oven. They act as a Faraday cage and do not allow electromagnetic radiation to
escape from the oven.

Faraday cages are also used in MRI imaging rooms to prevent external interference from electromagnetic
radiation when scanning a patient. The metal shell of a vehicle or aeroplane also acts as a Faraday cage
protecting the passengers from lightning storms and any other electrical discharges that may occur.

A bar owner in Hove, East Sussex in
the South East of England recently
built a Faraday cage into the walls and
ceiling of the building. His reasoning
is that customers are distracted from
interacting because of their constant
use of mobile phones. The cage
blocks all electromagnetic radiation
meaning there is no mobile phone
signal inside the bar. Is it possible that
this tactic will encourage customers
to socialise by having to talk to each
other?

Figure 2.1.16

Figure 2.1.15

Read more: https://www.bbc.com/news/uk-england-sussex-36943686#

A& Science as a human endeavour

Assess the benefits and limitations of applications of electrical shielding such as:

e Faraday cages

e  Microwave ovens

e Nuclear Magnetic Resonance imaging rooms
e  (Coaxial and USB cables

e Difficulties with mobile phone reception
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Electric fields near sharp points

Earlier in the chapter we discussed the fact that charges distribute themselves evenly over the surface of a spherical
hollow charge conductor. When the conductor is irregular in shape, the charges do not distribute themselves
evenly. In fact charges tend to concentrate at points or regions on a conductor where the radius of curvature is
small. This means that the electric field is strongest at sharp points.

The electric charges will still distribute themselves in a fashion to reduce the electric force between them.
Figure 2.1.17 shows a positive charge g at the end of positively charged the conductor with a smaller radius
of curvature. It lies between two positive charges q, and q, that are equidistant from g. Using the principle of
superposition, the force on g is a vector sum of the forces acting on it due to g, and g,

R

Component of F, parallel
to the surface is larger
than the component of £,
parallel to the surface

Figure 2.1.17

While the magnitude of the forces F, and F, are the same, the component of F, parallel to the surface (illustrated
by a black arrow) is larger than the component of £, parallel to the surface (illustrated in yellow). This means that
the charge q is forced closer to the sharper end. In general, charges are forced towards the end of the conductor
with a smaller radius of curvature.

Figure 2.1.18 illustrates the electric field near a positively charged pear—-shaped conductor.

Field weakest
here

Field strongest
here

Figure 2.1.18
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Corona discharge

Electric fields are strongest near sharp points on charged conductors. These fields may be large enough to
ionise molecules in the air near the sharp points, resulting in charge movement away from the conductor. This
movement of charge away from the conductor by the ionisation of molecules in the air is called a ‘corona
discharge’.

Figure 2.1.19 below illustrates the concept of corona discharge.

Charges within an The air molecule The ionised air molecule
air molecule makes contact is repelled as it has the
separate and it is with the charged same charge as the sharp

attracted to the + sharp point + point.
charged sharp
point + +

+ + + + + +

Figure 2.1.19

We have already discussed that charges tend to accumulate at sharp points on a conductor to produce a strong
electric field. Consider a positively charged sharp point. If the electric field is strong enough, it can cause a
separation of charges in nearby air molecules. This is because negative charges are attracted to the sharp point
while positive charges are repelled. We can see this in Figure 2.1.19. Since electric forces are inversely proportional
to the square of the distance between the charges, we can see that the force of attraction between negative
charges in the air molecule and the positively charged sharp point is greater than the repulsive force between the
positive charges which are further away. We say the air molecules are charged by induction and as a consequence
they will be attracted to the charged sharp point.

When the air molecules come into contact with the sharp point of the conductor, they will gain the same charge
as the conductor (positive in the case above). The air molecules are now charged or ionised.

The ionised air molecules are then repelled away from the sharp point due to the repulsive electric force between
like charges. When this happens to many air molecules, a stream of the charge moves away from the conductor.
This is called a corona discharge.

A similar situation would occur if the sharp point were negatively charged but there would be a net movement of
negative charge away from the conductor.
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& Science as a human endeavour

Applications of corona discharge
The lightning rod

A lightning rod is a conductive rod or a series of spikes
mounted at the top of buildings and structures. The 1:;1: o
lightning rod is connected to a rod or plate inserted into + + + PR +i+ e

the ground by a copper wire. o SRR _ T _ TR Storm cloud

Lightning rods are designed to protect buildings or ot o G
structures by providing a pathway for lightning. They ‘:,\g e

can also help prevent lightning from striking via the
mechanism of corona discharge. The Earth’'s surface
becomes positively charged by induction as the large
negative charge carried on the bottom surface of clouds T™!buiding
in an electrical storm force electrons in the Earth’s surface

deeper into the ground. As a consequence the lightning

rod becomes positively charged. The strong electric field

around its tip ionises air particles to produce positive
charge that is repelled away from the lightning rod and

onto the cloud via corona discharge. This neutralises

some of the negative charge on the cloud and helps
prevent a lightning strike.

Spikes

Copper strip

[ 3

.

£ Electrons repelled to Earth

-—P

T

"' Metal plate in ground

However, there are times when the rate at which negative charges accumulate on a cloud is greater than
the rate at which a lightning rod can ionise air particles. When this occurs, ionised air particles provide
a conductive pathway for the lightning to discharge to the lightning rod which is situated high above the
ground.

& Science as a human endeavour

Explore problems for which scientists have developed practical solutions by making use of strong electric
fields.

Examples include:

e  Photocopier (charging drum /discharging paper)
e Lightning rods

e Electrostatic precipitator

e  Spark plugs
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The photocopier
A photocopier makes use of corona discharge.

original
glass
L

mirror , f N
y 9 lamp

mirror

Y

N \ mirror
mirror N N\

0

charging corona

/7

Photoconductive
drum

eraselamp QO

cleaning
O blade

magnetic
O roller

== Paper

L Y

fusing O separation  transfer

rollers corona corona
Figure 2.1.20

There are five main steps involved in producing an image with a photocopier.
The photoconductive drum is charged positively

A latent image is produced on the drum in the form of charges

Toner is applied to the drum

Toner is transferred to the paper

o K D~

The image is fixed to the paper and the drum is cleared, ready for the next copy to be produced

The drum is coated with a photoconductive material (e.g. selenium) which only conducts charge when it is
exposed to light. The region surrounding the drum is dark.

A thin wire (called the charging corona) extends along the length of the drum. This wire is positively charged.
The strong electric field surrounding it will ionise air molecules in the gap between the wire and the drum.
This produces positive charges that are repelled away from the wire and onto the drum. The drum rotates
under the wire and becomes evenly charged.

Next light is reflected from the original onto the drum. The parts of the original that are light/white will reflect
light onto the drum whereas the parts of the original which are dark/black will not reflect light onto the
drum. Therefore the parts that are light in colour cause the drum to conduct charge and these parts of the
drum are earthed. The corresponding dark parts of the original do not cause the drum to conduct charge
and the charges remain on the drum. We say a ‘latent image’ of the original remains on the drum in the
form of positive charge.

The next step is to apply toner to the drum. Toner is a fine powdery substance consisting of carbon
and resins. Toner is attracted towards the positively charged parts of the drum. It can be sprayed on or
transferred to the drum by a magnetic roller.

The toner needs to be transferred from the drum to the paper. To do this, a positive charge is applied to
the bottom surface of the paper by a different thin wire (called the transfer corona). When the paper comes
into contact with the drum, the toner particles are attracted from the drum onto the paper. This is because
the paper has a greater concentration of positive charge (when compared to the drum).

Once the toner is on the paper, a third thin negatively charged wire (called the separation corona) neutralises
most of the charge on the paper as it passes over the wire so that the paper does not cling to the drum.

Finally the paper is passed through a pair of hot rollers that melts the toner and presses it into the fibres
of the paper.

The drum now needs to be cleared of any remaining charge so that it is ready for a new photocopy. This is
achieved by scraping any excess toner off the drum with a cleaning blade and exposing it to light that will
cause any remaining charge on the drum to be earthed.
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. Exercises
1.

Two conducting spheres are placed 40.0 cm apart. One sphere carries a charge of +1.00 C and the other
carries a charge of +2.00 C.

Calculate the magnitude and direction of the force acting between the spheres.

(o) Calculate the magnitude and direction of the electric force between two charges q, = -3.4 uC and
g, = +4.5 uC separated by a distance of 8.0 cm.

(c) Use proportionality to discuss the effect on the magnitude of the force between the two charges if the
distance between them is reduced to 4.0 cm.

The magnitude of the force experienced between two point charges in a vacuum is F. State, in terms of F,
the magnitude of the force if

(@ One charge is replaced with one that has four times its charge.

(b) One charge is replaced with one that has twice its charge and the other charge is replaced with one that
has a charge three times larger.

(c) One charge is replaced with one that has twice its charge and the distance between the charges is
doubled.

Two charged conducting spheres q, =+500 mC and g, = -150 mC are placed 30.0 cm apart in a vacuum.

(@) Calculate the force F, acting between the two charged spheres.
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(c) State the force F, that g, exertsong,.

on g,.

() The charged spheres are now brought momentarily into contact and then separated by 30.0 cm.
Calculate the new force F, that g, exerts on g,.

e g = ~
, ‘@ electron
/ \
1 \
I |
. @ |
\ 1
\ proton /
\ /
N\ /
N 7
~ ~ ~ ”

(@ Calculate the magnitude of the electric force between the proton and the electron in the hydrogen atom.

(b) On the diagram above, draw a vector arrow that indicates the direction of the electric force on the
electron due to the proton.

(c) Explain why the electron undergoes uniform circular motion.

(d) Calculate the speed of the electron in its orbit.

© Essentials Education 131



STAGE 2 PHYSICS TOPIC 2: ELECTRICITY AND MAGNETISM

6. (a) State the principal of superposition for electric forces.

(o) Two point charges g, = +2.50 x 10° C and g, = -1.50 x 107 C are placed 20.0 cm apart in a vacuum.

Determine the magnitude and direction of the electric force experienced by a point charge
q,=+1.00 x 10 C placed:

(i) atapoint midway between g, and g, and along the line joining their centres.

20.0cm
<€ >
@---enemeeuneeen @---vneineenes o
a, =42.50x10°C C73=+1-00 x10°C q,=-150x10°C

g,=+1.00x10°C

16.0 cm 12.0cm

q,=+250x10°C 20.0 cm q,=-1.50x10°C

Space for vector diagram
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7. Two point charges g, and g, are placed 6.00 cm apart in a vacuum.

The magnitude of the force between g, and q, is 25.0 N.
(@ Show that the magnitude of the charge on g, is 2.24 x 10° C.

(o) Acharge g, =—4q is placed 3.00 cm to the right of q,.
3.00 cm

6.00 cm

o @

(i)  Use proportionality to determine the magnitude of the force on g, due to q.,.

(i)~ Calculate the total force on q, due to g, and q.,.

.................... Space for vector diagram
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8. Two electrons are placed 7.00 cm apart in a vacuum. A third electron is positioned so that it is 5.0 cm from
each of the other two electrons as shown in the diagram below.

g=-1.60x10"°C
electron 3
@
’ N
’ N
’ .
’ N
500cm ¢ % 5.00 cm
4 N
4 ~
4 ~
4 N
4 ~
/, s
4 \\
’ O O A
.2 30.0 30.0° ~
qg=-1.60x10""C 7.00 cm g=-1.60x10"°C
electron 1 electron 2

(@) Calculate the magnitude and direction of the force on electron 3 due to electron 1.

(b) State the magnitude and direction of the force on electron 3 due to electron 2.

(c) Calculate the total force on electron 3 due to electron 1 and 2.

........................................ Space for vector diagram
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9. Three point charges are positioned at the corners of an equilateral triangle as shown. The magnitude of the
force on Q, due to Q, is 36.0 N. The direction of north is shown on the diagram.

North
A
Q,=-1.58x10°C
Q,=+1.58x10°C r
Q,=+1.58x10°C
(@) Show that the distance ris 2.50 x 102 m.
(o) Calculate the magnitude and direction of the total force on Q,.
................................... Space for vector diagram

10. (@) Define the term ‘electric field’.

(b) A point charge g = +5.00 x 10° C experiences a force of 2.8 N South when placed at a point in an
electric field. Calculate the magnitude and direction of the electric field at the point where q is placed.
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11. An alpha particle has a charge of +2e = +3.2 x 10"°C and a mass of 6.645 x 10" kg. Itis placed in a uniform
electric field E of magnitude 1800 NC-'acting down the plane of the page.

—

E

vVVvVvYyY

(@) Calculate the magnitude and direction of the force acting on the alpha particle.

() Explain without a calculation why the force F, experienced by an electron placed in the same electric field
would be half that calculated in part (a) and in the opposite direction.

12. A +4.50 x 10 C isolated charge is placed in a vacuum.
(@) Sketch the electric field surrounding a positive isolated charge.

©

(b) Calculate the electric field E,ata point 10.0 cm from the charge.

(c) State, with reason, the magnitude of the electric field at a point 40.0 cm from the charge.
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13. A Shark shield consists of two electrodes in a cord that trails behind the surfer. A large current flows between
the electrodes to produce an electric field.

-"

- “ Shark Shield
I 4

. 4

<,

The magnitude of the electric field produced 80.0 cm below the stationary surfboard of a surfer wearing a
Shark Shield and 40.0 cm from the electrode is 70.0 NC.

(@) Calculate the charge produced by the electrode at this point.

(b) Sharks experience discomfort as they enter the electric field produced by a Shark Shield. Suggest why
the discomfort increases as the shark approaches the surfboard until it becomes unbearable and the
shark turns away.

14. (a) Calculate the magnitude and direction of the electric field at a distance of 20.0 cm from the dome of a
Van de Graaff generator which holds a charge of -6.00 x 10 C.

(b) Calculate the magnitude of the electric field at a distance of 60.0 cm from the dome of the same Van de
Graaff generator.
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15. Sketch the electric field in the vicinity of:

(@) two identical charges with opposite signs.

© 6

(b) two finite parallel conducting plates

16. (@) Two point charges g, = =375 nC and g,=-262 nC are placed 1.00 m apart in a vacuum.

Determine the magnitude and direction of the electric field E,ata point P which is located midway
between the charges and along the line joining their centres.

1.00 m
<€ >
S —— - 0
g,=-375nC P g, =—262nC

(o) There is a point, a distance r from q, and between the two charges where the total electric field is zero.
Determine the value of the distance r.
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17. Two point charges Q, = +50.0 uC and Q, = +75.0 pyC are separated by a distance of r cm in a vacuum.

recm

G @ °

Q,=+50.0uC Q,=+75.0uC

Explain why the total electric field can never be zero at a point A directly to the right of Q..

18. (a) Show that the magnitude of the electric field 10.0 cm from an isolated charge g, = -10.0 uC is 8.99 x 10°NC".

(b) State, with reason, the distance from the charge at which the electric field would have a magnitude of
3.60 x 10" NC'.

(c) A second charge g, is placed 25.0 cm to the right of g, as shown in the diagram below. Calculate the
electric field E, at the position marked X.

25.0 cm 5.00 cm

© Essentials Education 139



STAGE 2 PHYSICS TOPIC 2: ELECTRICITY AND MAGNETISM

19. Two charges q, and g, are separated as shown in the diagram below.

P
15 cm 15 cm
30.0°
qr=+12uC qz=+1.2uC

(@ Calculate the magnitude of the electric field at position P due to q,.

20. Two point charges g, and g, are arranged at right angles to point X as shown in the diagram below.

q,=-1.5x107C

NORTH

3.8x10%m

A @O

q,=+2.5x107C

v

52x10“m
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Calculate the magnitude and direction of the net electric field at X due to the charges g, and g.

21. (a) Sketch the electric field in the region surrounding the positively charged pear-shaped conductor.

(b) Explain how the large electric field in the vicinity of a sharp point may ionise nearby air molecules.
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22.

A photocopier consists a drum coated with a photoconductive material. A thin positively charged wire extends

along the length of the drum as shown in the diagram below. There is a small gap of air between the wire and
the drum.

Part of the process involved in photocopying requires the photoconductive drum to be charged positively.

Thin positively -
charged wire

Photoconductive
arum

Explain how the photoconductive drum can be charged positively as it rotates beneath the wire.
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2.2 Motion of charged particles in electric fields

Science understanding

1. When a charged body moves or is moved from one point to another in an electric field, work is done on or
by the field.

2. The electric potential difference, AV, between two points is the work done per unit charge on a small positive
test charge moved between the points, provided that all other charges remain undisturbed.

3. The electronvolt (eV) is a unit of measurement which describes the energy carried by a particle. It is the work
done when an electron moves through a potential difference of 1 volt.

e  Solve problems involving the use of W = qAV.
e  Convert energy values between joules and electronvolts.

4. The magnitude of the electric field (away from the edges) between two oppositely charged parallel plates a

distance d apart, where AV is the potential difference between the plates, is given by the formula: E = %/ .

e  Solve problems involving the use of E = %/
5. Theforce on a charged particle moving in a uniform electric field is constant in magnitude and direction, thus
producing a constant acceleration.

e  Derive the formula é=% for the acceleration of a charged particle in an electric field.

e  Solve problems using & _GE and the constant acceleration formulae of charged particles moving parallel

or antiparallel to a uniform electric field.
e Describe the motion of charged particles parallel or antiparallel to a uniform electric field.

6. In a cyclotron, the electric field in the gap between the dees increases the speed of the charged particles.

e Describe how an electric field between the dees can transfer energy to a charged particle passing
between them.

e Describe how charged particles could be accelerated to high energies if they could be made to
repeatedly move across an electric field.

e (Calculate the energy transferred to a charged particle each time it passes between the dees.

e Explain why charged particles do not gain kinetic energy when inside the dees.

7. A charged particle moving at an angle to a uniform electric field experiences a force which effects both
components of its velocity differently. The component of the velocity parallel to the electric field changes due
to the electric force and the component perpendicular to the field remains constant.

e  Compare the motion of a projectile in the absence of air resistance with the motion of a charged particle
in a uniform electric field.
e Solve problems for the motion of charged particles that enter a uniform electric field perpendicular to
the field.
e  Solve problems for the motion of charged particles that enter a uniform electric field at an angle to the
field where the displacement of the charged particle parallel to the field is zero.
This chapter uses the concepts of force developed in Stage 1, Subtopic 1.2: Forces and energy in Stage 7,
Subtopic 4.1: Energy.
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Electric potential difference

The gravitational field
€ ) does work on the mass as it
falls and the mass gains
kinetic energy.

Lifting a mass requires
work to be done on the
mass or against the v
gravitational field.

ground

Figure 2.2.1

Figure 2.2.1 illustrates an object of mass m being raised in a gravitational field. Work is done against the gravitational
field and the mass gains gravitational potential energy. In accordance with the law of conservation of energy, the
work done (W) on the mass is equal to the gravitational potential energy gained. In Stage 1 you learnt that the
energy involved is given by W = Fs= mgh where h is the vertical height through which the mass is raised. When the
same mass falls, the gravitational field does work on the mass and the mass gains kinetic energy (E,) and hence
speed (v). In this case W=AE, =%mv2. We can say that gravitational fields store gravitational potential energy.

In a similar way, we can say that electric fields store electric potential energy. When a charged body moves or is
moved from one point to another in an electric field and its potential energy changes, work is done on or by the
field.

Figure 2.2.2 illustrates a positive test charge (q,) being moved from point A to point B in the electric field created
by a positive charge Q.

Q
<
A\ 4

+
g+

Q
Figure 2.2.2

In moving the positive test charge from point A to point B, work must be done against the electric field to overcome
the electrostatic force of repulsion and the positive test charge gains electrical potential energy.

The electric potential difference, AV, between two points in an electric field is defined as the work done (W)
per unit charge (q) on a small positive test charge moved between two points, provided that all other charges

remain undisturbed. W
AV = E

The unit of potential difference is the volt (V) and is equivalent to one Joule per Coulomb (JC).

Rearranging the equation AV = w gives the expression for work done in moving the positive test charge from point
A to point B: W = gAV. g

If the positive test charge moves from point B to point A, in the same direction as the electric field, then the electric
field does work on the positive test charge and it gains kinetic energy. Using the law of conservation of energy, it

follows that W=AE, =%mv2.
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. Worked Example

A +2.0 mC charge is accelerated through a potential difference of 4.0 x 10% V.

(@) Calculate the work done on the +2.0 mC charge in moving it through the potential difference.
W=gAV=20x10%x4.0x10°=8.0J

(b) State the kinetic energy gained by the +2.0 mC charge as it moves through the potential difference.
8.0J

(c) Calculate the speed gained by the +2.0 mC charge given it has a mass m = 1.4 x 107'° kg.

AEk:W=qAV=1mv2 oV= /%= /&'015=1.1><108ms‘1
2 m 1.4x10

The electronvolt (eV)

The electronvolt is a unit of measurement that describes the energy carried by a charged particle.

1eV = 1.60 x 10°°J
To convert energy from electronvolts to Joules: multiply by 7.60 x 10-°J
To convert energy from Joules to electronvolts: divide by 7.60 x 10-7°J

. Worked Examples

1. A charged particle has 2.5 eV of kinetic energy. Convert the kinetic energy to Joules.
25x1.60x 107 =4.0x 10" J

2 Acharged particle gains 7.20 x 10" J of kinetic energy in an electric field. Convert this energy to eV.

_16
% - 4.50x10%V/
o X

3 An electron is accelerated through a potential difference of 6.0 x 10° V.

Calculate the kinetic energy gained by the electron in J and eV as it accelerates through this potential
difference.

AE =W=gAV=16x10""x6x10°=9.6 x 10" J=6.0 x 10°eV

Note: If an electron accelerates through a potential difference AV = x, then we already have the kinetic energy that
it gains in eV i.e. the electron gains x eV of kinetic energy.
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Uniform electric fields

The electric field between two oppositely charged parallel conducting plates

A uniform electric field can be set up in the laboratory by applying a constant potential difference AV between two
oppositely charged parallel conducting plates separated by a small distance d (Figure 2.2.3).

1+ + + +

In subtopic 2.1 we defined electric field E ata point as the electric force F per unit charge (q) experienced by a
small positive test charge when placed at that point in the electric field.

The electric field between two oppositely charged parallel conducting plates is illustrated in Figure 2.2.4. The electric
field between the plates and away from the edges is uniform. A uniform electric field is represented by evenly
spaced electric field lines. This means that a positive test charge will experience the same force no matter where
it is placed within the electric field.

© ©60 060606 e e e Near and beyond the edges of the plates the
' ' electric field is non—uniform. This is commonly
referred to as the ‘end effect’. The end effect
is a result of the electric field lines still having
A A A A A A A A A A to leave and arrive on the surface of the plates
at right angles.

® © © © © © © © © ©
Figure 2.2.4

A charge in a uniform electric field experiences the same force both in magnitude and direction at all points within
the electric field.

Now consider a small positive test charge being moved from the lower plate to the top plate in Figure 2.2.3.
Work needs to be done on the charge, where W = gAV = Fd.

o vielde E oAV o _F; -4y
Rearranging yields: qg-d- Since E = g it follows that £ = R

The electric field £ between two oppositely charged parallel conducting plates separated by a distance d is given by
EoL
d
where AV is the potential difference between the plates.

The unit of electric field in this context is the volt per metre (Vm™') and is equivalent to the Newton per Coulomb (NC-).

The direction of the electric field is from the positive plate to the negative plate.
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- Worked Example

Consider the uniform electric field created between the two parallel conducting plates pictured below.

A
=0 _L 2 .00kv
+V

Calculate the magnitude and direction of the electric field between the plates.

_ AV _2.00 x10° _ 4 00x10° V™ towards the lower plate

d 0.0200

The motion of charged particles parallel and antiparallel to a uniform electric field

+ + + + + +

Figure 2.2.5

Since the force on a charged particle in a uniform electric field is constant in magnitude and direction, then it follows
that the acceleration of a charged particle in a uniform electric field is constant in magnitude and direction.

Consider the two charges illustrated in Figure 2.2.5. The positive charge experiences a downward force due to
the electric field and accelerates towards the negative plate. Its motion is parallel to the electric field. The negative
charge experiences an upward force due to the electric field and accelerates towards the positive plate. Its motion
is antiparallel to the electric field.

Derivation for the magnitude of acceleration
Using Newton’s Second Law, the acceleration of a charge in an electric field is given by: & =%
Since I:==% then F =qE.
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. Worked Example

An electron is released from rest in a uniform electric field E = 2.4 x 10* Vm-™ acting to the right of the page as
shown below.

F

vVVvVvVYyY

(@) Describe the motion of the electron.
The electron accelerates at a constant rate antiparallel to the electric field i.e. to the left.
(b) Calculate the magnitude of the acceleration of the electron in this electric field.
. gE _1.60 x1079 x2.4x10"
m 9.11x10™
Analysing the motion of a charged particle parallel and antiparallel to a
uniform electric field

The equations of motion can be applied to the motion of a charge in a uniform electric field. These equations have
already been discussed in the Stage 1 Workbook and in Subtopic 1.1.

=4.2x10"ms™

V=V, +at
1,42

s=v0t+§at

v =V’ +2as

+ + + + + +

Charge 2
Charge 3
Charge 1
Charge 4
[ |

Figure 2.2.6
Consider the four charges illustrated in Figure 2.2.6.

If the charges are released into the electric field from rest then the initial velocity v_ is zero.

Charges 1 and 2 experience a force due to the electric field that cause them to speed up. The value of the
acceleration used in the equations of motion is positive when analysing their motion.

Charges 3 and 4 have an initial velocity and experience an opposing force due to the electric field. The value of
the acceleration used in the equations of motion is negative.
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- Worked Examples

1. Two oppositely charged parallel conducting plates are placed 7.00 cm apart as shown in the diagram below.

I ] +200V

4
1.00x102m ?C

d=7.00x102m

A i1.00x102 mi ®

This diagram is not to scale

] 200V

(@ Calculate the magnitude and direction of the electric field between the plates.

E=2Y_-__ 2% __571x10°Vm™" towards the lower plate |

(b) Show that the magnitude of the acceleration of a proton in this electric field is 5.46 x 10" ms=2.

=19 3
a=%=1.60x10 x 5.71 x 10 =5.47X1Oﬁm8_2

m 1.67 x 10%
(c) Calculate the force F, acting on a proton in this electric field at each of the points A, B and C.

F =qgE =1.60 x107°x5.71x10° =9.14x107° N |

The electric field is uniform. The force on a proton is the same, both in magnitude and direction
at any position with in the electric field.

Note: Newton’s Second Law gives the same value for the force (allowing for some rounding off
differences).

F=ma =167 x 10% x 5.47 x 10" =9.13 x 1071® N/
(d) Calculate the time taken for a proton released from the top plate to cross the distance between the plates.

1 . 2x7.00x1072
S= Vot+§at Sli= W
b X

(e) Calculate the work done by the electric field on the proton as it crosses the distance between the plates.
W=qgAV =160 x 1079 x 400 =6.40 x 10" J
() Calculate the gain in speed of the proton in crossing the distance between the plates.
-17
AEKk =W =gAV = T2 - v /% = M =2.77x10°ms™
2 m 1.67 x10™

2. Consider the electric field created between the oppositely charged parallel conducting plates shown below.
The plates are 8.0 cm apart and the electric field has a magnitude of 3.0 x 10* Vm~' towards the top plate.

=5.06x10"'s

AN A A A A A A A
7

8.0 cm

(@) Calculate the potential difference that created the electric field between the plates.

=% - AV = Ed=3.00 x 10* x 0.080 = 2400 V/
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(b)

State the sign of the top plate.
Negative

Calculate the magnitude and direction of the acceleration of a —1.8 uC charge in this electric field given

it has a mass of 7.2 x 107'° kg.

Q- GE _ 1.8x10°x3.0x10"
m 7.2x10 "

The —1.8 pC charge is released from rest in this electric field. Calculate the time it would take the charge
to move 5.0 cm.

s=vot+%at2 t=\/§ - /2720'?‘22 -37x10®°s
O X

Calculate the energy gained by the —1.8 pC in moving 5.0 cm in this electric field.
W=qgAV=qgEd =1.8x10°x 3.0 x 10* x 0.050 = 2.7 x 102 J

Note: The charge does not move through a potential difference of 2400V. An alternative method
is to use a ratio to calculate the potential difference crossed by the charge i.e. %2400:1 500V.

The calculation for the work done: W =gAV =1.8 x 10 x 1500 = 2.7 x 10-3 J, yields the same
answer.

=7.5x10"ms™ | (towards the lower plate)

Calculate the gain in speed of the —1.8 pC charge after it has moved 5.0 cm in this electric field.
v=v,+at=0+75x10"x 3.7 x 10® =2.8 x 10° ms™’

Please note: An alternative method is to use the law of conservation of energy. The work done
by the electric is equal to the kinetic energy gained by the charge. The calculation for speed:

3
W = gAV L - /M —2.7x10°ms™",
2 m 7.2x10

yields the same answer (allowing for some rounding off differences).

3. Consider the + 5.0 x 10°C charge entering the uniform electric field between the two parallel conducting
plates shown in the diagram below. The charge enters the electric field of magnitude 2.0 x 10° Vm~ with a
speed of 6.0 x 10° ms™". The mass of the charge is 3.5 x 107'® kg.

150

-

R -

+ > -

+
\
|

@ +50x10°C

+
\
|

Calculate the magnitude and direction of the acceleration of the charge in this electric field.

a _GE _50x 10 x 2.1(5) x10° _ 29x10™ms? —

m 35 x 10
Calculate the distance that the charge penetrates the electric field before stopping.
_VE-vE 0P -(6.0x10°)
22 2x-29x10"

vVi=v’+2as . s =0.062m
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The cyclotron

The first cyclotron was constructed by Ernest Lawrence in 1931. Lawrence did not work in isolation and had an
assistant, Milton Stanley Livingston. Figure 2.2.7 pictures Lawrence standing next to an early cyclotron (the 17-inch
cyclotron) built around 1932. Figure 2.2.8 illustrates a modern cyclotron. It is used for medical research and is
located in Camperdown, Sydney.

Figure 2.2.7 Figure 2.2.8

The cyclotron makes use of electric and magnetic fields. The cyclotron will be discussed further in Subtopic 2.4
when the motion of charges in magnetic fields is explored. A cyclotron is a particle accelerator used to accelerate
charged particles (often protons) to high speeds. These charged particles are then used to bombard stable atomic
nuclei to produce short-lived radioactive isotopes that are used in medical diagnosis or the treatment of cancer.

The main components of a cyclotron are shown in Figure 2.2.9. An electromagnet is placed above and below two
hollow D—shaped copper conductors. This produces a uniform magnetic field inside the dees. Charged particles
are accelerated by a uniform electric field in the gap between the dees. The uniform magnetic field causes
the charged particles to move in a semi-circular path so that they return to the electric field. The electric field is
reversed when the charges return to the gap so that the charges once again accelerate across the electric field.
The process repeats many times and the charges eventually exit the cyclotron having accumulated a large
amount of kinetic energy and hence speed.

Note: The dees are open at the diameter so that charges can pass from one dee into the other easily without
colliding with the material making up the dees.

North Pole
=::" S
I

South Pole

Figure 2.2.9

Electromagnet

D-shaped cavity

Accelerated particles

Electromagnet
lon source 9

The ion source

The discussion that follows will assume that protons are accelerated by the cyclotron. An ion source injects a
small amount of hydrogen gas into the apparatus. An electric current heats a filament that releases electrons in the
gap between the dees. The electrons collide with the hydrogen gas atoms, ionising them by knocking out atomic
electrons. This produces protons or positive hydrogen ions often symbolised using H*.
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The uniform electric field in the gap between the dees

The potential difference in the gap between the dees produces a uniform electric field between them. When
the charged particles enters the electric field they are accelerated by the field because the electric field exerts a
force on the charges. The magnitude of the force is given by F = gE. According the Newton’s Second Law the
magnitude of the acceleration is be given by a= nﬂv and by definition, the charges gain speed.

Alternatively energy concepts can be used to explain why the charges gain speed. The electric field does work
on the charges. Using the law of conservation of energy, the work done by the electric field is equal to the kinetic
energy gained by the charges. That is, the electric field transfers kinetic energy to the charged particles.

Since the charges are made to repeatedly cross the electric field, they are accelerated to high kinetic energies. The
gain in kinetic energy is AV every time the charges cross the electric field. It follows that the total kinetic energy
gained by the charges as they exit the cyclotron and cross the electric field N times is given by NgAV.

The charges do not gain energy when inside the dees

There is no electric field inside the dees, as there is no electric field inside a hollow conductor (refer to Subtopic 2.1
for an explanation). The magnetic field inside the dees is designed to force the charged particles in a semi—circular
path within the dees so that they repeatedly return to the electric field. We will discuss why the charges move in
a circular path in Subtopic 2.3.

. Worked Example

An early cyclotron had a diameter of 12.5 cm. The protons it accelerated completed 2000 complete revolutions
inside the cyclotron when the potential difference applied between the dees was 5000 V. Calculate the

(@) kinetic energy of the protons as they left the cyclotron in J and MeV.
AE, =W = NgAV = 4000 x 1.60 x 107" x 5000 = 3.20 x 107** J = 20 MeV
(b) speed of the protons as they left the cyclotron.

=)
AE, =W =qgAV e L /% =,/% =6.19x10'ms™
2 m 1.67x10
& Science as a human endeavour

We have already seen that Ernest Lawrence developed the first cyclotron along with Livingston. Since
then, it has been developed further and can accelerate charged particles to very high kinetic energies.
There are around 1200 cyclotrons used world wide for medical treatment and research. However, there
are other types of particle accelerators, each useful in their own way.

Explore solutions to scientific problems developed using the motion of charges parallel or antiparallel to
electric fields, such as:

e linear accelerators

e electron guns (e.g. in electron microscopes, oscilloscopes)
e jon thrusters (e.g. in spacecraft propulsion)

e X-ray tubes (e.g. in medicine).
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The motion of charged particles at an angle to a uniform electric field

N
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Figure 2.2.10

Consider a negative charge entering the uniform electric field between two parallel conducting plates as shown
in Figure 2.2.10. The charge enters in a direction that is perpendicular to the electric field. The electric field exerts
a constant force (F=qE) towards the lower plate. That is, in the vertical direction. The electric field does not exert
a force on the charge in the horizontal direction, so it follows that the component of velocity perpendicular to the
electric field (horizontal in Figure 2.2.10) remains constant. The result is that the charge follows a parabolic path
towards the lower plate.

my

The path taken by the charged particle inside the electric field can be treated the same way that a projectile
is treated in a gravitational field (covered in Subtopic 1.1). The magnitude of the acceleration of the charge is
constant just as it is for a projectile in the absence of air resistance near the surface of the Earth but will not be

9.80 ms=2. The magnitude of the acceleration of the charge needs to be calculated using a = %

The direction of the acceleration and hence path of the charge will depend on the sign of the charge moving in
the electric field as well as the sign of the charge on the parallel conducting plates. For instance if the charge in
Figure 2.2.10 was positive, it would deflect upwards. For a projectile near the surface of the Earth, the acceleration
is always directed towards the ground resulting in a parabolic path towards the ground.

Similarly if the negative charge enters the uniform electric field at an angle other than 90°, its path will be parabolic
and similar to that shown in Figure 2.2.11.

L d
A A A A A A A A A A A A A A A A A A A A AA A A AN
paths I N
of ions|-* "

.l’ QA
|+ +++| | ++++++++++++++++++++++

©

Figure 2.2.11

The motion of the charge within the electric field can be analysed using the equations of motion in the same way
as a projectile near the surface of the Earth.
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- Worked Examples
1.

A uniform electric field of magnitude 2.10 x 10* Vm™' is created by applying a constant potential difference
across two parallel conducting plates. The plates are separated by a distance of 10.0 cm as shown below.

+ + + + + o+
/\_

2.50x10" ms™

2 ) il N D Zaihi N\ Zhb 4—@

10.0cm | Cooecaaaa

N

0.125m >
An electron is fired horizontally and enters the electric field halfway between the plates with a speed of
2.50 x 10" ms™'. The plates have a length of 0.125 m.

(@) Calculate the time of flight of the electron through the uniform electric field.
v==8 .t =8._015 _500,107%
t v 250x10
(b) Calculate the magnitude and direction of the acceleration of the electron.

19 4
a2 60 XAGTEX A0 XACE . 3 5008 ms 2 towards the top plate

m 9.11x107®
(c) Draw the path of the electron in this electric field and label the vertical displacement as it leaves the field.

+ + + + + +

2.50x 107 ms-

0.125m

N
A\ 4

(d) Calculate the magnitude of the vertical displacement of the electron as it leaves the electric field.

s= %atz - % x3.69x10° % (5.00x10°%)? = 4.61x102m

(e) Calculate the velocity of the electron as it leaves the electric field.

v, =2.50x10" ms™ <

<y

v, =V, +at 1.85x10" ms™
=0+3.69x10"°x5x107° 90°
=1.85x10" ms™ ¢

2.50x10" ms™’

v=+/25x107) +(1.85x107)° =3.11x10"ms™"

7
tang = 185X10° _ g _ 365
2.5%x10

v=311x10"ms™" 36.5° above the horizontal
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Now consider an electron entering the uniform electric field described in question 1 at a point midway between
the plates with the same speed of 2.50 x 10" ms™ but at an angle of 30.0° as shown in the diagram below.

+ + + + + o+
e

/N
2.50x10" ms™

10.0cm N Wiswwaa Wi ;(-...-.\/.-..--.\/...--7@
30.0°

0.125m >

/N

This diagram is not to scale
Calculate the magnitude of the horizontal component of the initial velocity of the electron.
v, =vcosf = 2.5 x 10" c0s30.0 = 2.17 x 10" ms™
Calculate the magnitude of the vertical component of the initial velocity of the electron.
v, =vsind = 2.5 x 10" sin30.0 = 1.25 x 10" ms™"
Show that the electron does not strike the bottom plate.
_Vi-vp _ 0P-(1.25x107)
2a 2x-3.69x10"

The distance between the midway point of the plates and the bottom plate is 5.00 cm. The
electron undergoes a maximum vertical displacement of 2.12 cm and therefore does not strike
the bottom plate.

=0.0212m

vi=v’+2as .. s

Show that the electron spends 5.76 x 10 s in the electric field.

v o S 01D 5o5 4005
t v, 217x10

? Science inquiry activity

A Teltron tube is pictured in Figure 2.1.12 and can be used to investigate the motion of electrons in a
uniform electric field.

A small current heats the filament which in turn releases lu Uniform Electric Field

electrons. The electrons then pass through a pair of
accelerating plates and gain speed. The filament and the
accelerating plates are called an electron gun.

Next, the electrons enter a uniform electric field created
between two parallel conducting plates that have a
constant potential difference applied across them. A grid

within the tube can be used to measure the deflection of
the electron beam. Figure 2.1.12

A possible investigation is to determine the relationship between the electric field and the deflection of
the electrons. This can be done by varying the potential difference that creates the uniform electric field

E = %/) and measuring the deflection of the electron beam directly from the grid within the tube.
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. Exercises
1.

2.

An electron gun produces a stream of electrons that are accelerated across a potential difference of 3.8 x 103 V.

Calculate the energy supplied to the electrons by the accelerating potential.

An alpha particle has a charge of g = +3.20 x 107'°C and a mass of 6.645 x 10?7 kg. It is released from rest
in a uniform electric field and accelerates across a potential difference of 50.0 KV.

Calculate the

(@) work done on the alpha particle by the electric field in J and eV.

(b) gain in speed of the alpha particle accelerated by this potential difference.

A synchrotron is a device used to accelerate charged particles. The diagram below shows the injector gun
of a synchrotron.

electron
source

% % --------------------------------------------- P electron beam

An accelerating potential is used to accelerate electrons across XY. The electrons, initially at rest, enter the
injector gun at X and leave at Y with a speed of 2.68 x 10" ms™.

(@ Show that the potential difference between XY is given by:

(b) Hence, calculate the potential difference across XY.

(c) The accelerating potential between X and Y is doubled. Use proportionality to discuss the effect on the
speed of the electrons leaving Y.
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4. Consider the two parallel conducting plates pictured below. The plates are separated by a distance
d =2.0 x 102 m and a constant potential difference AV of 1000 V is applied across the plates.

| oV

| +1000 V

Draw the electric field between the plates (ignore any end effects).

Tz

Calculate the magnitude of the electric field between the plates.

(c) An electron is released from the top plate. Calculate the work done by the electric field in accelerating
the electron to the lower plate.

9E
=

(d) Show that the magnitude of the acceleration of the electron is given by a=

5. Consider the parallel conducting plates pictured below.

[ ] -500V

[ ] +500 V

15.0cm

(@) Describe and explain the nature of the electric field between the plates.
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6.

(b) A uniform electric field of magnitude £ = 4.50 x 10° Vm~' is created by the potential difference. Calculate
the distance between the plates.

(c) A proton is released from the lower plate and accelerates across the electric field. Calculate the speed
of the proton as it strikes the top plate.

(d) Calculate the time taken for the proton to traverse the field.

The diagram below shows two parallel conducting plates 5.0 x 10 m apart.

+150V
A
B :
1 20x10°m 108
Ao 5.0><:10 m
\
-150V

(@) Calculate the magnitude and direction of the electric field between the plates.

(b) A charge of magnitude —3.4 uC and mass 2.6 x 107'° kg is released from rest at point A in the electric field.

(i) Calculate the magnitude and direction of the acceleration of the —3.4 uC charge in this electric field.

(i) Calculate the work done by the electric field in accelerating the —3.4 uC charge between the two
points A and B which are 2.0 x 10° m apart.

(i Calculate the time taken for the =3.4 puC charge to move from point A to point B in this electric field.
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7. (a) Calculate the magnitude of the electric field that is created when a potential difference of 2.00 x 10°V is
applied across two parallel conducting plates that are placed 10.0 cm apart.

(b) A proton is placed in the middle of the electric field as shown in the diagram below.

@ proton 10.0 cm

(i)  Calculate the magnitude of the force on the proton.

(i)  Explain whether the magnitude of the force calculated in part (i) depends on the position of the proton.

8. Theion thruster of the Dawn spacecraft is used to accelerate xenon ions (Xe*) with a single positive charge of
+1.60 x 107® C and mass 2.20 x 1072 kg across a potential difference of 1280 V. The xenon ions are initially
at rest.

Calculate the

(@) kinetic energy gained by the xenon ions as they are accelerated through the ion thruster.

(c) Calculate the magnitude of the acceleration of the xenon ions as they pass through the ion thruster in
3.00 x 10°°s.
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9.

A negatively charged oil droplet with a mass of 4.90 x 1078 kg remains suspended between two parallel
conducting plates separated by distance of 8.00 mm when an electric field of 1.50 x 10* NC' is created
between the plates. The top plate is held at a positive potential.

A
Suspended :
oil droplet 8'0.0 mm
\

(@) Draw labelled vector arrows to represent the forces acting on the oil drop.
(b) Determine the charge and hence the number of electrons on the oil drop.

(d) The separation of the plates is increased to 24.0 mm without changing the potential difference between
the plates. Discuss the effect this would have on the electric field between the plates.

10.

An X-ray tube is used to accelerate electrons across a potential difference of 120 KV before striking a metal
target and producing X-rays for medical imaging.

Calculate the speed of the electrons as they strike the metal target.

11.

A cyclotron has a potential difference of 5.5 x 10% V applied between the dees. Protons within the cyclotron
complete 8000 complete revolutions before leaving the cyclotron.

(@) Describe how the electric field can transfer energy to a proton passing between the dees of a cyclotron.

(b) Calculate the kinetic energy of the protons as they leave the cyclotron in J and MeV.
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12. Consider the parallel conducting plates shown below. The magnitude of the electric field between the plates
is 3.60 x 10 Vm.

An electron is fired horizontally and mid—way between the plates with a speed of 2.00 x 10’ ms™". The electron
traces a parabolic path towards the upper plate.

+ + + + + o+

2.00x10" ms™’

.................... Space for vector diagram
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() Determine the work done by the electric field in deflecting the electron.

13. A beam of protons enters the region between two parallel conducting plates as shown below. The protons
takes 66.0 ns to cross the length of the plates.

[ -500V
A
2.80x10% eV
) 20.0 cm
| Y +500V

(@) Calculate the speed of the protons as they entered the electric field.
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14. A charged particle g = +4.6 nC with mass m = 1.8 x 1072® kg enters a uniform electric field between two
parallel conducting plates with a speed of 4.1 x 10° ms™ at an angle of 65°. The charge enters so that its
initial position coincides with the edge of the lower plate.

+

41x10° rrV
65°

O

(@) Calculate, in J and eV, the kinetic energy of the +4.6 nC charge as it enters the electric field.

The charged particle reaches a maximum vertical displacement of 4.0 x 10 m within the electric field.
(d) Calculate the magnitude and direction of the acceleration of the charge in this electric field.

15.
Stream of protons '
enter here :

A stream of protons enter an electric field at an angle of 40.0° as shown in the above diagram. The protons
experience an acceleration of magnitude 1.54 x 10" ms=.

(@) Calculate the magnitude of the component of initial velocity that is parallel to the electric field.

(b) Calculate the magnitude of the component of initial velocity that is perpendicular to the electric field.

(c) Show that the value of the distance x shown in the diagram is 5.40 x 10 m.
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(d) Calculate the time of flight of the protons in this electric field if they leave the electric field at the point
marked P.

(e) Use your answer to part (d) to calculate the length of the parallel conducting plates.

16.

The image below shows a beam of electrons being deflected by a uniform electric field in a Teltron tube. The
electrons enter the tube with a speed v that is perpendicular to the electric field. The plates are a distance
d = 6.0 cm apart and have a length L =12 cm.

A student varied the potential difference AV between the parallel conducting plates and measured the vertical
deflection s of the electrons as shown. The student repeated the experiment three times and averaged the
vertical deflection measured for each potential difference applied across the plates.

(@) State with reason, the independent variable in this experiment.

(b) Explain why repeating the experiment and averaging three values for the vertical deflection measured for
each potential difference is a good experimental technique.
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(c) Show that the deflection of the electrons is given by:

s EAVL?
2mav®

where e is the charge of an electron.

The student plotted a graph of the average deflection versus potential difference across the plates.
The graph is shown below.

1.4

o
°

i
o

o
[ed

<
~

®

Vertical deflection x 1072 (m)
(@)
()

(@]

1.0 2.0 3.0 4.0 5.0 6.0
Potential difference x 102 (V)

o
o

(d) () Draw aline of best fit for the plotted data.
(i) Calculate the gradient of the line of best fit.

(i) Use your answer to part d (ii) to calculate the speed with which the electrons enter the electric field.
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2.3 Magnetic fields

Science understanding

1. Magnetic fields are associated with permanent magnets and moving charges, such as charges in an electric
current.

Current—carrying conductors produce magnetic fields; these fields are utilised in solenoids.

Magnetic field lines can be used to represent the magnetic field. The direction of the magnetic field depends
on the direction of the moving charge that is producing the magnetic field.

4. The direction and number of magnetic field lines per unit area represent the direction and magnitude of the
magnetic field.

e  Sketch and/or interpret the magnetic field lines produced by a bar magnet, and an electric current
flowing in a straight conductor, a loop, and a solenoid.

5.  The magnitude of the magnet}c field strength, B, at a radial distance, r, from the centre of a current-carrying
conductor is given by B = %7'
e  Solve problems involving the use of B = MTC;/F
e Use vector addition in one dimension or in two dimensions (with right-angled or equilateral triangles)

to calculate the magnitude and direction of the magnetic field due to two current-carrying conductors)

This chapter uses the concepts of electric current developed in the Stage 1, Subtopic 2.1 Potential Difference and
Electric Current.

The magnetic field of a bar magnet

? Science inquiry activity

This activity will enable you to plot the magnetic field associated
with bar magnets and better understand the concepts discussed
later in the chapter.

A bar magnet has a north and south pole at opposite ends
and produces a magnetic field in the space surrounding it. The
magnetic field surrounding bar magnets can be mapped by
sprinkling iron filings in the vicinity of the magnet.

1. Place a bar magnet on a bench.

Cover the magnet with a clear sheet of plastic.

2
3. Sprinkle iron filings over the plastic.
4

Clear the iron filings from the plastic sheet and try two bar
magnets in different orientations i.e. two north poles facing Figure 2.3.1: Bar magnets
one another and a north and south pole facing one another.

Result

Each iron filing becomes magnetised by induction and acts like
a tiny magnet. The end of the iron filing closest to the north pole
of the magnet becomes a south pole and the other end a north
pole. The iron filings move so that the induced north pole aligns
itself closer to the south pole of the bar magnet. Each iron filing
behaves in a similar fashion. The force experienced by the iron
filings cause them to line up with the magnetic field. This reveals
the magnetic field of the bar magnet as shown in Figure 2.3.2.

Figure 2.3.2
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? Science inquiry activity

A magnetic field will cause a compass needle to deflect. The @ @

direction of a magnetic field at a point is defined as the direction @ @
that the north pole of a compass points. @ @'@ @
1. Place a bar magnet on a bench. N
2. Place a compass at the north pole of the bar magnet and @ @
note the direction that it points. @ @
3. Place a compass at the south pole of the bar magnet and
note the direction that it points. @ @
4. Place the compass at the north pole of the bar magnet and
slowly move the compass around the bar magnet from the @ S @

north pole to the south pole. What do you notice about the @ @ 2 § ) @

deflection of the compass?
5. Repeat step 4 but this time place the compass further from

the magnet. What do you notice about the deflection of the Figure 2.3.3
compass?
Result
The compass will point away from the north pole of the bar A
magnet and towards the south pole as shown in Figure 2.3.3. The N
deflection of the compass is weaker further from the bar magnet.
This indicates a weaker magnetic field. v

The magnetic field for a single bar magnet is shown in Figure 2.3.4.

Explore the plotting of magnetic field lines and their properties.
https://www.youtube.com/watch?v=NWUgK8W-4JM Figure 2.3.4

The magnetic field surrounding the bar magnet can be represented using magnetic field lines.

The direction of the magnetic field is given by the direction that the north pole of a small compass needle
points. The direction of the magnetic field at a given point is at a tangent to the magnetic field lines.

Magnetic field lines are directed from the north seeking pole to the south seeking pole.

The magnitude of the magnetic field is represented by the number of magnetic field lines crossing a unit
area perpendicular to the field in the vicinity of the point. The greater the number of field lines crossing a
unit area, the stronger the magnetic field.

The unit of magnetic field is the Tesla (T).
The symbol for magnetic field is B.

Magnetic field is a vector quantity.
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For interest, the magnetic fields produced by two bar magnets in different orientations are shown in Figures 2.3.5

t0 2.3.8.
NS WS ey
S N N S —— S N > S N>
—— \\
@@ 7 = T
Figure 2.3.5: Like poles facing each other Figure 2.3.6: Unlike poles facing each other
Figure 2.3.7: Unlike poles adjacent Figure 2.3.8: Like poles adjacent

Magnetic fields and moving charges

We have already seen in Subtopic 2.1 that stationary charges produce an electric field in the space surrounding
them. Moving charges will produce both electric and magnetic fields.

In 1819 Hans Christian Oersted, a Danish physicist showed that a current—carrying conductor produced a
magnetic field. Activity 3 recreates how he did this.

? Science inquiry activity

The magnetic field for a straight current-carrying conductor

Moving charges, such as the charges in a current flowing through
a conductor will produce a magnetic field in the space surrounding
the conductor. This activity will allow you to investigate the magnetic
field associated with a straight current—carrying conductor.

1. Form a horizontal plane using a piece of stiff cardboard with
a hole in its centre.

2. Pass along wire through the hole and straighten the wire by
supporting it vertically using two retort stands.

3. Connect the wire in series to a switch, resistor and a power
supply so that a current of about 5 Amperes flows through
the wire. Connect the top of the wire to the negative terminal
of a power supply and the bottom of the wire to the positive
terminal as shown in Figure 2.3.9.

Place a compass on the horizontal card.

Complete the circuit by closing the switch. What happens to
the compass?

Figure 2.3.9

6. Move the compass around the wire at a constant radial distance. What do you notice about the
deflection of the compass? Note the direction that the north pole of the compass points.

7.  Move the compass to a position that is at a greater radial distance from the wire. What do you notice
about the deflection of the compass?

8. Reverse the direction of the current flowing through the wire by swapping the connecting leads at the
top and bottom of the wire.
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Results

Direction of

When the switch is closed, a current (/) will flow up ourrent
through the straight current—carrying conductor and
you will notice that the needle of the compass will
deflect. This indicates the presence of a magnetic
field. As you move the compass around the wire,
you will find that it forms tangents to a circle. The
direction that the north pole of the compass points
at any given position indicates the direction of the
magnetic field at that point. This is illustrated in
Figure 2.3.10.

Figure 2.3.10

Recall: The direction of the magnetic field is given by the direction that the north pole of a small compass
needle points. The direction of the magnetic field at a given point is at a tangent to the magnetic field lines.

The deflection of the compass decreases further from the wire. This indicates that the magnetic field
becomes weaker further from the wire.

The magnetic field surrounding a straight current—carrying conductor can be represented using magnetic field
lines that form concentric circles around the conductor. The magnetic field lines become further apart as the
distance from the current—carrying conductor increases.

Figure 2.3.11 below illustrates the magnetic field around a straight current—carrying conductor with the current
flowing up the plane of the page.

Current

' | Magnetic field

Figure 2.3.11: The magnetic field for a straight current—carrying conductor
Reversing the current in the wire reverses the direction of the magnetic field. This is illustrated in Figure 2.3.12.

Magnetic field

Figure 2.3.12
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The right hand rule for determining the magnetic field for a conductor

Direction of
magnetic field

Direction of
current

+
Figure 2.3.13

Figure 2.3.13 Iillustrates the right hand rule. This rule determines the
direction of the magnetic field surrounding a current carrying conductor.
The thumb points in the direction of conventional current and the curl of
the fingers indicates the direction of the magnetic field. The magnetic field
extends along the length of the wire.

Other representations

A current carrying conductor with a current flowing into the plane of @
the page is represented by a circle with a cross in it.

A current carrying conductor with a current flowing out of the plane
of the page is represented by a circle with a dot in it. @

The magnetic field surrounding a straight current—carrying conductor with the current flowing out of the plane of
the page is shown in Figure 2.3.14 and the magnetic field surrounding a straight current—carrying conductor with
the current flowing into the plane of the page is shown in Figure 2.3.15 below.

170

(® indicates,] out page &) indicates,I into page

Figure 2.3.14

\/

magnetic field lines

Figure 2.3.15
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The magnetic field for a single loop

If a straight current carrying conductor is used to form a loop, the magnetic field inside the loop is stronger than
the magnetic field outside the loop. The right hand rule can be used to determine the direction of the magnetic
field both inside and outside the loop.

The magnetic field surrounding a single loop is illustrated in different ways in Figures 2.3.16 t0 2.3.19. Figure 2.3.16
shows the magnetic field all the way around a loop which rests in the plane of the page. The magnetic field lines
inside the loop are closer together than the magnetic field lines outside the loop. This indicates that the magnetic
field inside the loop is stronger than the magnetic field outside the loop. Figure 2.3.17 illustrates the magnetic field
in a plane perpendicular to the loop while Figure 2.3.18 illustrates the magnetic field when the current—carrying
conductor is viewed from the side. Figure 2.3.19 illustrates the magnetic field using the convention of crosses
without a circle around them (magnetic field into the page) and dots without a circle around them (magnetic field
out of the page).

Figure 2.3.17

[ ]
[
[ ]
[
[ J
..-Magnetfc field B
Electric produced by
current loop current
Figure 2.3.18 Figure 2.3.19
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Solenoids

We have already seen that current—carrying conductors produce magnetic fields. These magnetic fields can be
utilised in solenoids.

When a current flows through a solenoid, a magnetic field is produced. The magnetic field of a solenoid can be
investigated by replacing the straight current—carrying conductor in Activity 3 with a solenoid. A compass will
deflect and the field surrounding the solenoid can be mapped.

Figure 2.3.20 illustrates a solenoid with a current flowing clockwise through the coils. It can be seen that there is a
magnetic field both inside and surrounding the solenoid. The magnetic field resembles the magnetic field of a bar
magnet. The north pole of the compass needle is pointing away from the open end shown in the diagram. This
indicates that a north pole is produced at this end. The other end of the solenoid produces a south pole.

North pole South pole

Figure 2.3.20

The right hand rule can also be used to determine which end of the solenoid is
I anorth pole if you know the direction of the current. In Figure 2.3.20, your thumb
would point in the direction of the current and the curl of your fingers would point
into the solenoid on the right hand side and out on the left hand side. This is
B illustrated in Figure 2.3.21 by considering a single loop of the solenoid.

The strength of the magnetic field produced by a current—carrying solenoid can
be increased by:

1. increasing the number of coils
2. increasing the current passing through the coils

Figure 2.3.21 3. placing an iron core inside the solenoid.

Figures 2.3.22 and 2.3.23 show two ways to illustrate the magnetic field of a solenoid. Figure 2.3.23 show the
magnetic field for a cross sectional view of a solenoid.

[

Figure 2.3.22 Figure 2.3.23
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? Science inquiry activity

There are various data logging probes that can be used to measure the magnetic field. One such probe is
the Pasco PASPORT Magnetic Field Sensor-PS-2112.

A possible investigation is to investigate the factors that affect the magnetic field strength near a solenoid
e.g. the relationship between the current flowing through the solenoid and the magnetic field strength.
Extra Understanding - Electromagnets and their uses
A solenoid with a current flowing through its coils is referred to as an electromagnet.
An electromagnet can easily be made in a laboratory. Figure 2.3.24 illustrates the apparatus needed to do this.

1. Wrap a long piece of insulated copper wire around an
iron nail to form a solenoid.

Vaiable Power
resistor - “N ==| supply

Sand the ends of the wire to remove the insulation.

= AARAA

Connect the solenoid to a variable resistor and a power
supply (8 V).

4. When the power supply is turned on, the solenoid
becomes an electromagnet. That is magnetism is
induced when the current flows.

5. Its strength can be investigated by varying the number
of turns of wire on the nail or varying the current (via the
variable resistor or power supply) and seeing how many
paper clips can be picked up.

Figure 2.3.24

Uses of electromagnets

Electromagnets are useful because they behave like a magnet when current flows. When the current no longer
flows, the electromagnet no longer acts as a magnet. In addition, the strength of the magnetic field can be
controlled by adjusting the number of coils or the current flowing through the coils. If either or both of these
increase, the magnetic field will be stronger.

This is useful in car wrecking yards. Cars are picked up by large electromagnets, moved and then released
(Figure 2.3.25). Other common uses include electric bells, ticker timers used to record the motion of objects,
motors, loud speakers, cyclotrons and MRI scanners.

Figure 2.3.25
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- Worked Example

Consider the diagram below for an electric bell.

Switch Ed il

Soft iron armature

Electromagnet Hammer

Use the labels on the diagram to explain why the bell rings continuously when the switch is pushed.

Pushing the switch completes the circuit and a current flows. The electromagnet creates a
magnetic field that attracts the soft iron armature. The hammer hits the gong. The spring moves
to the left and the circuit is broken.

The electromagnet releases the armature and hammer and the circuit is once again complete.
The process repeats.

The magnitude of the magnetic field strength

We have already seen that the magnetic field in the vicinity of a straight current—carrying conductor consists of
concentric circles and that the strength of the magnetic field deceases with distance from the conductor.

The magnetic field strength is directly proportional to the current flowing through the conductor (Ba/), just as
gravitational field strength is directly proportional to the magnitude of the mass creating the gravitational field and
electric field strength is directly proportional to the charge creating the electric field.

The magnetic field strength is inversely proportional to the radial distance from a conductor (Ba%).

The magnitude of the magnetic field strength in the vicinity of a current-carrying conductor is given by

B=to!

“omr
Uy, g .
where ﬁ is the constant for the magnetic field around a conductor and equal to 2.00 x 107 T m A~ and r is the

radial distance from the centre of the current-carrying conductor in metres. The unit of magnetic field is the Tesla (T).
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. Worked Examples
1.

2.

3.

MAGNETIC FIELDS TOPIC 2

Consider the straight current—carrying conductor shown below.

[=2.3A
[ —>
o P
(@) State the direction of the magnetic field at the point P located 12 cm directly below the centre of the

conductor.
Into the page
(b) Calculate the magnitude of the magnetic field at the point P.

B_&L_ZOO x 107 x 2.3
T 2mr 0.12
(c) Use proportionality to discuss the effect on the magnitude of the magnetic field strength at P if the
current through the conductor is tripled.

-38x10° T

Since Bal, the magnitude of the magnetic field strength at P will be three times larger if the
current is increases by a factor of three.

The magnitude of the magnetic field strength is 5.44 x 10° T at a radial distance of 5.00 cm from the centre
of a conductor.

Calculate the current flowing through the conductor.

-7
g=tol 200x107x T _54pu905 7
2 r r
=5
/= Br _5.44x10 ><O.O5OO=13_6A
2.00x107" 2.00x107
Calculate the magnetic field midway between the two straight current—carrying conductors shown below.
I L=90A
Conductor 1 Conductor 2

22 cm

I=55A] )

The magnitude of the magnetic field midway between the conductors due to conductor 1

~7
Botol 20010785 4 0 105 T out of the page
2w r 0.11
The magnitude of the magnetic field midway between the conductors due to conductor 2

—7.
e el _ZEDAUREI o 0 e s e page
2w r 0.11

Magnetic field is a vector quantity, therefore the total magnetic field midway between the two
conductors is given by the vector sum of the individual magnetic fields:

1.0 x 10°° T out of the page + 1.6 x 10° T out of the page = 2.6 x 10° T out of the page
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. Exercises

1. Theright hand rule can be used to determine the direction of a magnetic field due to a current flowing through
a conductor.

Consider the diagram below of a right hand with the thumb pointing upwards and the fingers curled around.

Clearly label each arrow with the quantity it represents.
2. Sketch magnetic field lines in the vicinity of each of the following:

(@) asingle straight conductor carrying a current out of the plane of the page.

©

|

00000000000000000000000000

(b) a circular loop of wire carrying a current.

(c) asolenoid carrying a current

ITO0TO0TO0TH0TO 7O 0T0 070 070 074 070 074 070 074 070 070 070 070 070 07070 074 474 070 074 074
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3. Explain how magnetic field lines can be used to represent the
(a) direction of the magnetic field at a point.

4. (a) Sketch the magnetic field due to the electric current flowing through the conductor shown below. The
current flows to the left of the page.

Direction of

current flow €= B
-
—

(b) Consider the two points A and B as shown on the diagram. Point A lies directly above the conductor
while point B directly to the right of the conductor.

Draw an arrow at each point A and B to indicate the direction of the magnetic field at each of these
points.

5. The diagram below illustrates the deflection of a compass when it is placed near a straight current—carrying
conductor.

B

(@) Draw three magnetic field lines in the vertical plane shown that represent the magnetic field of the
conductor.

(b) Use a labelled arrow to clearly indicate the direction of the current /, through the conductor.
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6. Consider the magnetic field surrounding the straight current—carrying conductor below.

(@) State the direction of the current flowing through the conductor.

(b) State the effect on the spacing of the magnetic field lines if the current flowing through the conductor is
doubled.

(c) Consider the points P and Q. Point P is positioned at a radial distance of 10 cm from the centre of the
conductor while point Q is positioned at a radial distance of 7 cm from the centre of the conductor. State
the ratio of the magnetic field strength at the point P to the magnetic field strength at the point Q.

7. The magnetic field surrounding a solenoid is pictured below.

W
)

=

Clearly label the end of the solenoid that produces a south pole.

C

Clearly indicate the direction of the current at the point P located at the front and centre of the solenoid.

o}
S

A young child stands 1.50 m from the centre of a conductor carrying a current of 45.0 A. Calculate the
magnitude of the magnetic field strength at this point.

(b) Use proportionality to determine the new value for the magnitude of the magnetic field if the
(i)  child stands 3.00 m from the centre of the conductor
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(i) current in the conductor is reduced to 15.0 A.

9. The magnitude of the magnetic field strength a radial distance r from the centre of a straight current—carrying
conductor carrying a current of / is B. State the magnitude of the magnetic field strength in terms of B

(@ at adistance 10r from the centre of the conductor.

(b)

Label the pole (north or south) produce at the pointy end of the nail.

11. A relay switch can control (open or close) one circuit by opening and closing contacts in another circuit.
A relay switch makes use of an electromagnet.

) Connect to 2nd circuit
2nd switch

Iron armature

Electromagnet 1st circuit

1st switch

Use the labels on the diagram to help you explain how closing the switch in circuit 1 will allow current to flow
through circuit 2 and opening the switch will stop current flowing in circuit 2.
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12. Calculate the current flowing through a conductor when the magnitude of the magnetic field strength is
2.5 x 10 T at a radial distance of 6.0 cm from the centre of the conductor.

13. A straight conductor (conductor 1) carries a current / = 8.6 A down the plane of the page as shown.

Conductor 1

[=8.6A

(@ Calculate the magnitude and direction of the magnetic field 3.0 cm to the right of the centre of conductor 1.

(b) A second identical straight conductor (conductor 2), carrying the same current as conductor 1, is placed
8.0 cm to the right of the centre of conductor 1. The current in conductor 2 flows in the opposite direction
to the current flowing in conductor 1 as shown in the diagram below.

Conductor 1

[=8.6A

8.0 cm

IIZ 8.6 A

!

Conductor 2

Calculate the magnitude and direction of the magnetic field 3.0 cm to the right of the centre of conductor 1.
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14. Two straight current—carrying conductors are separated by a distance of 30.0 cm. A current /, = 20.0 A flows
through conductor 1 and a current /, = 15.0 A flows through conductor 2 as shown below.

[,=200A

30.0cm

30.0cm

Calculate the magnitude and direction of the magnetic field at point Q, which is located 30.0 cm below the
centre of the conductor carrying the current /, = 15.0 A.

15. A slinky spring can be used to investigate concepts that relate to a solenoid. When a current is passed
through the slinky spring, a magnetic field forms inside the slinky spring.

A student uses the arrangement illustrated below to investigate the relationship between the current (/) passed
through a solenoid and the magnetic field strength (B) inside the solenoid by inserting a magnetic field sensor
between the coils of the slinky spring.

f(((@@I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'ITﬁ%I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'I'IEIEIK@E))))))

oLt Lt ot Lot ot ot Lt ot Lot Lot Doty L Lot Lot ot Dot L ot Lt ot Dot L ot Lt ot Lot o Lot 7 Dot L ot Lot ot Dot Lt ot Lot Lot Dot L ot Lot Lot Dot L ot Lot Lot Dot Lt ot Lot Lt Dot Lt ot L

The results collected by the student are summarised in the table below.

Magnetic field strength (mT)
Current (A)
Trial 1 Trial 2 Trial 3 Average
0.5 0.03 0.05 004 e _
1.0 0.09 0.09 007 e _
1.5 0.12 0.11 (O S T )
2.0 0.16 0.17 O )
2.5 0.19 0.19 0018 e _
3.0 0.22 0.22 0.2 e )

(@) Complete the column of data that represents the average magnetic field strength.
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(b) The student plots a graph that illustrates how the magnetic field strength varies with the current passing
through the solenoid. The graph is shown below.

E 025
E !
= ©
g 0.20 1 ==
&n ©
5 015 == 1 - S 11
)
o ©
S 0.10
o ©
g 0.05 L =
> e

0.00

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Current 1(A)

() Draw aline of best fit for the data that has been plotted.

(i) State the relationship between the magnetic field strength inside the solenoid and the current
passing through the solenoid for the data that has been plotted.

(iv) The expression for the magnetic field strength inside a solenoid is given by B = pnl where n

represents the number of turns per unit length and p, represents the constant of permeability of
free space.

The slinky spring used is 50.0 cm long and contains 35 turns of wire. Use your value for the gradient
of the line of best fit to determine the magnitude of .

() () The accepted value of y, has a magnitude of 1.3 x 10°°.

Comment on the accuracy of the value of 1/, obtained from this set of data.
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16. Science as a human endeavour activity — Magnetic fields
Date: March 3, 2020

Source: University of Leeds (Information sourced from:
Hope for a new permanent magnet that’s cheap and sustainable)

https.//www.sciencedaily.com/releases/2020/03/200303140142.htm

The demand for permanent magnets is increases as they have many uses including renewable energy,
electronics and electric-powered vehicles. Permanent magnets are made from alloys of rare earth metals.
These metals need to be mined, and mining causes environmental issues. Toxic by-products also cause
ecological problems.

At the University of Leeds, a team of scientists are working on a hybrid film of cobalt covered with molecules
of a form of carbon. Cobalt is already magnetic, but the presence of the film makes the magnetic strength
of cobalt five times greater. However, this effect is only evident at temperature of —195°C. Scientist’s, are
working on a way to manipulate the carbon chemically in the hope that the same effect will occur at room
temperature.

Hybrid films of magnetic materials will eventually replace rare earth permanent magnets. This will reduce
the impact of the environment.

The research was funded by the Engineering and Physical Sciences Research Council, Horizon 2020
European Research Infrastructure project OpenDreamKit, Taibah University and the Science and Technology
Facilities Council.

Describe three ways in which the research on hybrid magnets demonstrates the key concepts of science
as a human endeavour.
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2.4 Motion of charged particles in magnetic fields

Science understanding

1. Magnets, magnetic materials, moving charges, and current-carrying conductors experience a force in a
magnetic field.

2. The magnetic force on a moving charged particle depends on the velocity of the particle, its charge, the
magnetic field, and the angle between the velocity and magnetic field.

3. The force on a current-carrying conductor within a uniform magnetic field depends on the current in the
conductor, the length of the conductor within the magnetic field, the magnetic field strength, and the angle
between the conductor and magnetic field.

4. Determine the direction of one of:

e force
e magnetic field
e charge movement

given the direction of the other two.

5. Solve problems involving the use of F = IiBsin@ for a current-carrying conductor and F = qvBsiné for a
moving charged particle.

6. A charged particle moving at right angles to a uniform magnetic field experiences a force of constant
magnitude at right angles to the velocity. The force changes the direction but not the speed of the charged
particle, therefore causes centripetal acceleration.

e Explain how the velocity dependence of the magnetic force on a charged particle causes the particle to

move with uniform circular motion when it enters a uniform magnetic field at right angles.
mv

e Deriver= B for the radius r of the circular path of an ion of charge g and mass m that is moving with
speed v at right angles to a uniform magnetic field of magnitude B.
e  Solve problems involving the use of r= ,c%

7. Cyclotrons are used to accelerate ions to high speed. Radioisotopes used in medicine and industry may be
produced from collisions between high speed ions and nuclei.

8. The magnetic field within the dees of a cyclotron causes the charged particles to travel in a circular path, so
that they repeatedly pass through the electric field.

e Describe the nature and direction of the magnetic field needed to deflect ions into a circular path in the
dees of a cyclotron.

e  Derive the formula T= %;‘—Bm for the period T of the circular motion of an ion, and hence show that the

period is independent of the speed of the ion.
e Usef= % to relate the period to the frequency of the alternating potential differences.
i C]282f2
e Derive the formula £, =
2m

* Explain why E, is independent of the potential difference across the dees

for the kinetic energy E, of the ions emerging at radius r from a cyclotron.

and, for given ions, depends only on the magnetic field and the radius of the cyclotron.
q282r2
2m

e Solve problems involving the use of T= 222 and £, =

gB

This chapter uses the concept of force developed in the Stage 1, Subtopic 1.2: Forces and the concept of circular
motion in Stage 2, Subtopic 1.3: Circular motion and gravitation.
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Magnets, magnetic materials, moving charges and current-carrying
conductors in magnetic fields

In subtopic 2.3 we saw that bar magnets and moving charges, such as charges in an electric current produce
magnetic fields in the space surrounding them. Two bar magnets with like poles facing one another will repel
one another. This is because the magnetic field of one magnet interacts with the magnetic field of the other
magnet producing a repulsive force. We also saw that a compass, which is essentially a small magnetised needle,
deflected in the magnetic field produced by a straight current-carrying conductor. This is because the magnetic
field of the straight current-carrying conductor exerted a force on the compass and vice versa.

Figure 2.4.1 below illustrates the force on a bar magnet in a uniform magnetic field. Recall, that the direction of
a magnetic field is given by the direction that the north pole of a compass points. The north pole of the magnet
experiences a force parallel to the magnetic field (right) while the south pole experiences a force that is antiparallel
to the magnetic field (left).

v @]

\/

Figure 2.4.1
Figures 2.4.2 to 2.4.4 illustrate this principle for a straight current-carrying conductor placed in a uniform magnetic

field created between the opposite poles of two magnets.

Y YYYYYYYYYY

I
©

YYVYY L’
K-ﬂ

Figure 2.4.2 Figure 2.4.3 Figure 2.4.4

Figures 2.4.2 and 2.4.3 illustrate the uniform magnetic field between the two bar magnets and the magnetic
field surrounding a current-carrying conductor respectively. Figure 2.4.4 shows the individual magnetic fields
interacting and the resultant force (F) on the straight current-carrying conductor.

The force F on the straight current-carrying conductor shown in Figure 2.4.4 can be shown to be proportional to:
1. the current (1) flowing through the conductor

2. thelength (/) of the conductor

3. the magnetic field strength (B)
4

sine of the angle (0) that the conductor makes with the magnetic field

© Essentials Education 185



STAGE 2 PHYSICS TOPIC 2: ELECTRICITY AND MAGNETISM

The magnetic force on a current-carrying conductor in a magnetic field
As discussed above, whenever a current-carrying conductor is placed in a magnetic field, it experiences a force.
A current element is the product of the current (I) and the length (I) of a small current-carrying conductor i.e. 1l

The magnitude of the magnetic field (B) is defined as the force per unit current element placed at right angles to
the magnetic field.

F
T
We have already seen that the unit of magnetic field is the Tesla. An alternative unit in NA-'m".
Calculating the force on a current-carrying conductor in a uniform magnetic field

Figure 2.4.5 shows a conductor of length [ carrying a current I placed in a uniform magnetic field B at an angle 0
to the magnetic field.

/// .
/s .
/// "

Figure 2.4.5

The magnitude of the force on a straight current-carrying conductor in a uniform magnetic field is given by:
F = 1IBsin®

o Key ideas

1. A current-carrying conductor placed parallel to a magnetic field (i.e. 8 = 0°) does not experience a
force due to the magnetic field (sin O = O therefore F = Q).

\J
w

\/

\/

>
>

2. A current-carrying conductor placed perpendicular to a magnetic field (i.e. 8 = 90°) experiences a
maximum force given by IIB (since sin90 = 1).
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MOTION OF CHARGED PARTICLES IN MAGNETIC FIELDS TOPIC 2

The direction of the force on a current-carrying conductor
The direction of the force, conventional current and the magnetic field are at right angles to each other.

. Worked Examples
1.

X
(]

Figure 2.4.6 illustrates how the direction of the uniform magnetic field
and current through the conductor are related to the direction of the
force on the conductor. This is referred to as the right hand rule.

The thumb points in the direction of the conventional current, the
outstretched fingers point in the direction of the magnetic field and
the force on the conductor acts perpendicularly away from the palm of
the hand.

The right hand rule can be used to determine the direction of one of:

e force
e magnetic field
e current

given the direction of the other two.

Figure 2.4.6

For a straight current-carrying conductor:
® Current into the page

@ Current out of the page

For magnetic field:

Field into the page
Field out of the page

State the direction of the magnetic force on each of the conductors below.

(@)

4 B 4

_— L |
>

The force on the conductor is directed out of the page.

X X X B
X X X
X X X

The force on the conductor is directed to the right of the page.

<
<

<
<

®

< B

<
<

The force on the conductor is directed up the plane of the page.
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2. The diagram below shows a straight current-carrying conductor lying between two magnets. The magnitude
of the magnetic field is 0.55 T and a current of magnitude 32 A flows through the conductor. The conductor
experiences a magnetic force directed up the plane of the page.

F

N S

(@) Calculate the magnitude of the magnetic force acting on a 1.5 cm length of the conductor.
F = 1IBsin6 =32 x 0.015 x 0.55 sin90 = 0.26N

(b) State the direction of the current flowing through the conductor.
Perpendicularly out of the page

3. A straight current-carrying conductor of length I = 0.220 m carries a current I = 18.0 A and lies in a uniform
magnetic field of magnitude B = 1.05 T. The magnitude of the magnetic force on the conductor is 2.90 N.

Calculate the angle 6 between the current-carrying conductor and the magnetic field.

1=18.0A F = IIBsin6
NN
“ 0 = sin™

\\ ,\\%@% ﬁ)
\ 6 =sin ( 290 | 44.2°

\\A |18.0 x 0.220 x 1.05)
| B=1.05T

Calculating the force on an individual charged particle moving at an angle 0
to a uniform magnetic field
We have already seen that a current-carrying conductor in a uniform magnetic field experiences a force. A current

is a flow of charge. Individual charges create their own magnetic field as they move. It follows that individual
charged particles will also experience a force when moving in a uniform magnetic field.

Figure 2.4.7 shows an individual charged particle g moving at an angle 6 and speed v in a uniform magnetic field
of magnitude B .

>

= » B
4 >

The magnitude of the force on an individual charged particle in a uniform magnetic field is given by:

F =qvBsino

- Worked Example

A proton enters a uniform magnetic field of magnitude B = 3.20 T with a speed v = 4.40 x 10° ms™ at an angle
6 = 35.0° to the magnetic field.

Calculate the magnitude of the force acting on the proton.
F =qgvBsinf=1.60 x 107'° x 4.40 x 10° x 3.20sin35 = 1.29 x 1072 N
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o Key ideas

1. A stationary charge (i.e. v = 0) does not experience a force in a magnetic field.

2. The force on an individual charged particle that is moving parallel or antiparallel to a uniform magnetic
field is zero (i.e. 6 = 0° therefore sin 0 = 0 and F = 0).

B

»
o

Qo
\/

.
>

»
>

3. An individual charged particle that is moving at right angles to a uniform magnetic (i.e. 8 = 90°)
experiences a maximum force given by qvB (since sin 90 = 1).

\ 4

Y

\/

Y

|

The direction of the force on an individual charged particle moving at
right angles to a uniform magnetic field

The direction of the force, charge movement and the magnetic field are at right angles to each other when an
individual charged particle moves through a uniform magnetic field.

Figure 2.4.8 illustrates how the direction of the uniform magnetic field and
the direction of charge movement are related to the direction of the force
on the charge. This is referred to as the right hand rule.

The thumb points in the direction of charge movement, the
outstretched fingers point in the direction of the magnetic field and
the force on a positive charge acts perpendicularly away from the
palm of the hand. Negative charges would experience a force in the
opposite direction.

¢ The direction of the force on a
:  negative charge

Figure 2.4.8
The right hand rule can be used to determine the direction of one of:

e force
e magnetic field
e charge movement

given the direction of the other two.
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. Worked Example

State the direction of the force on each of the charges as they enter the uniform magnetic field.

A A A A
(@ 5

4 ——»

The force on the positive charge is directed out of the page.

) X X X
B

X X X

X X X

d

The force on the positive charge is directed to the left of the page.

(© a

o o o
The force on the negative charge is directed to the right of the page.

o Key ideas

Since a charged particle moving at right angles to a uniform magnetic field experiences a force of constant
magnitude at right angles to its velocity, the charge changes direction without a change in speed. The
magnetic force provides the centripetal acceleration required for uniform circular motion.

X Bin

Figure 2.4.9

Figure 2.4.9 illustrates the circular path traced by a positive charge moving at right angles to a uniform magnetic
field directed into the plane of the page.
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Derivation for the radius r of the circular path of a charged particle
moving at right angles to a uniform magnetic field.

Consider a charge g with mass m that is moving with a speed v at right angles to a uniform magnetic field of
magnitude B.

The magnetic force provides the centripetal acceleration for uniform circular motion.

Fcemripeta/ = Fmagneric
2
M- -quB
_mv
r= B
The radius of the circular path is given by r= %

. Worked Examples

1. The diagram below shows a charge g = +7.00 pC with mass m = 3.00 x 10-"°kg entering a uniform magnetic
field B = 2.40 T as shown below. The charge is moving with a speed v = 1.50 x 10" ms™.

v=150x10"ms™

® > e o

(@ On the diagram above, sketch the possible path of the charge.

See diagram
(b) Explain the path traced by the charge in this magnetic field.

Since the charged particle is moving at right angles to the uniform magnetic field, it experiences
a force of constant magnitude at right angles to its velocity. The charge experiences a change
in direction without a change in speed. The magnetic force therefore provides the centripetal
acceleration required for uniform circular motion.

(c) Calculate the magnitude of the force acting on the charge.
F=qvBsin=7.00 x 107 x 1.50 x 10" x 2.40sin90 = 252 N
(d) Calculate the radius of the circular path traced by the charge.

-15 7
r=ﬂ/=3'OOX1O x 1.60 x 10 268 x10°m

aB 7.00 x 108 x 2.40

2. The diagram below represents the path of an electron as it enters a uniform magnetic field of magnitude
B =8.50 x 102 T at a right angle to the field. The electron is deflected to the right.

Region containing a uniform
magnetic field

T electron

(@) State the direction of the magnetic field. Justify your answer.

Using the right hand rule, the direction of charge movement is up the page, the force acts to
the right, the magnetic field must act into the plane of the page.
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(b)

The electron travels in a circular path of radius 14.0 mm. Determine the speed with which the electron
entered the magnetic field.

mv . _rgB _14.0x10- x 1.60 x 10-° x 8.50 x 10
B  m 911 x 109
Describe how the radius of the circular path of the electron will alter if the

= =2.09x10'ms"

()  electron enters the magnetic field at twice the speed calculated in part (b).
rov
The radius of the circular path will double if the electron enters the magnetic field at twice the speed.

(i) magnitude of the magnetic field is tripled.

1
ro.—
B

If the magnitude of the magnetic field is tripled, the radius of the circular path will be three times
smaller.

? Science inquiry activity

1.

192

A possible investigation is to use a current balance shown in Figure 2.4.10 to investigate factors that
affect the force on a current-carrying conductor due to an external magnetic field.

A permanent magnet assembly is placed on an electronic balance and the balance is zeroed. A circuit
board containing a wire loop (conductor) is placed into the permanent magnet assembly so that the
wire loop is at right angles to the magnetic field but is not touching the magnets. Figure 2.4.11 shows
circuit boards with conductors of various lengths.

When a current flows through the conductor, it will experience a force due to the magnetic field.
The force on the conductor can be determined by recording the reading on the electronic scales.
The magnetic force acts on the permanent magnet assembly and will cause its weight (W = mg) to
either increase or decrease depending on the direction of the current and the direction of the magnetic
field. The change in the magnet assembly’s weight will allow you to determine the magnetic force
(W =F =mg = IIB).

An example of a possible investigation would be to design a method to determine the relationship
between the length of the conductor and the magnetic force experienced by the conductor.

Figure 2.4.10 Figure 2.4.11 Circuit boards with conductors of
different length.
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? Science inquiry activity

2. The Teltron tube was introduced in Subtopic 2.2. It can be used to investigate the motion of charged
particles in magnetic fields as well as electric fields.

Figure 2.4.12 shows a Teltron tube with a pair of Helmholtz coils situated on either side of the glass
tube. Figure 2.4.13 shows the experimental set up for investigating the motion of charged particles
in magnetic fields. When a current is passed through the coils, the magnetic field created between
the coils is almost uniform. The magnitude of the magnetic field can be increased by increasing the
current flowing through the coils. When electrons released by the electron gun are accelerated by a
potential difference, they gain kinetic energy and enter the magnetic field at right angles. The electrons
undergo uniform circular motion.

Helmholtz coils

A magnetic field is
created inside the
Teltron tube and

between the coils.

Figure 2.4.12 Figure 2.4.13

A possible investigation is to investigate one factor that affects the circular path of charges in a
magnetic field. An example would be to design an investigation to determine the relationship between
the magnetic field strength and the radius of the circular path traced by the electrons in the magnetic
field.

3. The Teltron tube can also be set up so that it produces an electric and magnetic field at right angles to
each other. This arrangement of fields can be used to measure the charge-to-mass ratio of electrons.
The experimental set up is shown in Figure 2.4.14.

X X X X X X
- 4 s s s
X X X X X X
X X X X X X
X X X X X X E
X X X X X X
Electron ) - -X%--{-%- ,,x,,,,,‘_L)y,,,,x,,,
X X X X X X
X X X X X X
X X X X X X
st Xy Xy Xy Xy xyX
2
- - - - -
Figure 2.4.14 Figure 2.4.15

Figure 2.4.15 illustrates the electric and magnetic fields at right angles to each other. If the magnitude of
the force due to the electric field is equal to the magnitude of the force due to the magnetic field and acts
in the opposite direction as shown in Figure 2.4.15, then the electron’s path is not deviated. The speed of
the electron can be derived as shown below:

E
F = qgE = qvB therefore v = E
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& Science as a human endeavour

Possible investigations and discussions could include to evaluate the economic, social, and environmental
impacts of some applications of charges moving within magnetic fields, such as:

e moving-coil loudspeaker

e synchrotron

®  mass spectrometer

e electric motors

e use of magnetic fields in electron microscopes
* maglev trains.

The cyclotron

The cyclotron was introduced in Subtopic 2.2. Cyclotrons are used to accelerate charged particles (usually
protons) or ions to high speed. The high-speed ions are forced to collide with other nuclei to cause nuclear
reactions. These nuclear reactions produce radioisotopes (or radioactive isotopes) that can be used in medicine
and industry. The radioisotopes often have a short half-life. This is the time taken for half the number of nuclei to
decay. For this reason, cyclotrons are kept in hospitals so that the radioactive materials they produce can be made
when they are needed.

Please note: Concepts relating to radioactivity and half-life can be reviewed in Chapter 6 of the Stage 1 Workbook.

Fluorine-18 is an example of a radioisotope that is produced using a cyclotron. Fluorine-18 is produced when
protons collide with Oxygen-18 nuclei. The protons used to do this are accelerated to large kinetic energies by
a cyclotron. This is because the large repulsive electrostatic force between the positive protons and the positive
Fluorine-18 nuclei needs to be overcome in order for the collisions to occur. As a result of the collisions, a neutron
is ejected from the Oxygen-18 nuclei and the radioisotope Fluorine-18 is produced. The nuclear equation shown
below represents the formation of Fluorine-18.

IH+80—8F +1n

Fluorine-18 can be used directly for bone scans but is most commonly used in PET scans to monitor organ
function (e.g. the brain or kidney) or to detect cancer. Fluorine-18 is used to make the radiopharmaceutical FDG
(Fluoro deoxy glucose). The Fluorine-18 attaches itself to glucose to make the FDG. The FDG moves through
the body and is accumulated by the organ being examined. Fluorine-18 decays by emitting positrons (beta plus
decay). When the positrons collide with nearby electrons they annihilate and produce two gamma rays that travel
in opposite directions in order to conserve momentum. A PET scanner has a ring of photon detectors and uses a
computer to create a three dimensional image of the organ being examined. Figure 2.4.16 shows a PET scanner
in action while Figure 2.4.17 is a PET scan of the cross-section of a patient's abdomen.

Figure 2.4.16 Figure 2.4.17 Cancer is identified in this PET scan
(a cross-section of a patients abdomen)
as the bright yellow areas

Areas of high activity in an organ and cancers appear brighter on a scan. This is because the cells need energy
and consume the radioactive glucose. Cancers in particular, use more energy and therefore use a lot more of the
radioactive glucose. More photons are produced in the area of the activity and this appears as a bright area on a
scan. This enables diseases and cancers to be quickly and accurately diagnosed.

A medical production facility located in Lucas Heights Australia is the twin PETNET cyclotrons. These are small
cyclotrons used to produce Fluorine-18 needed for FDG.

The half-life of Fluorine-18 is short at 110 minutes. This only allows sites within one or two hours of the cyclotron to
provide PET scans effectively. The old Royal Adelaide Hospital sourced its Fluorine-18 daily from Melbourne. Time

194 © Essentials Education



MOTION OF CHARGED PARTICLES IN MAGNETIC FIELDS TOPIC 2

was needed to prepare the isotope, send it to the airport, fly it to Adelaide and then transport it to the hospital. This
meant that more than the required amount of the isotope needed to be made to allow for the radioactive decay
that occurred. With the new hospital upgrade this is no longer necessary.

Having a cyclotron and radiopharmacy on-site reduces the cost and increases the number of scans available to
patients on a daily basis. In addition, some isotopes have a very short half-life and this makes them impractical to
ship in from other locations.

The main components of a cyclotron

lon source (positive)

Circular path

traced by ions
Electromagnets

il 4____-—— Dee
‘ Target

Emerging beam of ions

Alternating potential difference

Figure 2.4.18

Figures 2.4.18 illustrates the main components of a cyclotron. Recall that an electromagnet is placed above
and below two hollow D-shaped copper conductors. This produces a uniform magnetic field inside the dees.
Charged particles are accelerated by a uniform electric field in the gap between the dees. This is because

the electric field does work on the ions and transfers kinetic energy to the ions (W=gAV = AEk=%mv2).

The uniform magnetic field causes the charged particles to move in a circular path so that they return to the
electric field. This is because a magnetic force of constant magnitude acts at right angles to the velocity of the
ions. The magnetic force provides the centripetal acceleration for uniform circular motion. By the time the ions
return to the gap between the dees, the high frequency alternating potential difference reverses the electric
field. This causes the ions to once again accelerate across the electric field. The ions enter the second dee with

a greater speed. Since rz%, the ions travel in a circular path of greater radius. The ions return to the gap

between the dees and the electric field is once again reversed. The ions accelerate and enter the first dee again.
The ions trace a circular path of greater radius and the process repeats many times. By the time the ions exit
the cyclotron they have accumulated a large amount of kinetic energy and hence speed.

Note: The dees are open at the diameter so that protons and other ions can easily pass from one dee into the
other without colliding with the material making up the dees.

Figure 2.4.19 illustrates a top view of the circular path traced by positive ions in figure 2.4.18 above. The magnetic
field acts into the plane of the page. Using the right hand rule, the magnetic force on the ions at any point along
their path can be determined. For example, consider position A. The direction of movement of the charge is up
the plane of the page (f) and the magnetic field acts into the plane of the page (X). The force on a positive charge
at position A acts to the left («—).
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magnetic filed

vacuum chamber

Positive ion
source

target

emerging

electric field region

Figure 2.4.19

o Key ideas

1. The potential difference between the dees produces a uniform electric field. This causes the ions to
gain kinetic energy and accelerate.

2. The uniform magnetic field inside the dees causes the ions to move in a circular path so that they
repeatedly pass through the uniform electric field.

3. The uniform electric field reverses direction every time the alternating potential difference reverses.
The time taken for this is half the period (T) of motion of the charges. The expression for this is derived

later in the chapter and is given by T= Zg—én

4. The total kinetic energy (E,) of the ions as they exit the cyclotron and cross the uniform electric field N
times is given by NgAV.

2p2,2
. B
5. The total kinetic energy of the ions as they emerge from a cyclotron of radius r is given by Ex= g 2mr !

This expression is derived later in the chapter.

Additional notes:

1.
2.
3.

As discussed in Subtopic 2.2, the ion source is often ionised hydrogen. This produces protons.
The dees are hollow copper electrodes shaped like the letter D. There is no electric field inside the dees.

The dees are placed inside an evacuated chamber. This prevents the ions from colliding with air particles and
losing kinetic energy or from being scattered.
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The period of circular motion of an ion in a cyclotron

where m is the mass of the ions in kg, g is the charge of the ions in C and B is the magnitude of the magnetic
field in T.

Derivation T_2W pytr—mv
% gB
mv
T o 9B _ 2amv _ 2am
v vgB  gB
The period does not depend on the speed of the ions. This means that the period of all the ions in the cyclotron
is the same and they all reach the gap between the dees and hence the uniform electric field at the same time.
lons closer to the centre of the cyclotron travel in a circular path with a smaller radius and therefore travel a smaller
distance at a slower speed. lons closer to the outside of the cyclotron travel in a circular path with a larger radius

and therefore travel further at a greater speed. Since t=§ all the ions reach the electric field at the same time.

The potential difference can be reversed on a regular basis so that the charges continue to move through the
cyclotron in one direction.

The relationship between period and frequency

The formula f = % relates the period to the frequency of the alternating potential difference.

The potential difference applied across the dees is reversed every half revolution i.e. every Z% seconds.

The kinetic energy of ions emerging from the cyclotron

The kinetic energy (E,) of the ions emerging from a cyclotron at a radius r is given by:

2521’2
......................................................................................................... 2
Derivation E, = Ly using r =" it follows that v = 18
2 gB m
2. 202 2 202
Ek = lm\/2 = lm(@)z = lm@ = ﬂ
2 2 m 2 m 2m

The kinetic energy of the emerging ions is independent of the potential difference across the dees. A larger
potential difference across the dees transfers more kinetic energy to the ions, they travel faster and in circular
paths of greater radii. The ions cross the electric field fewer times before they emerge from the cyclotron. A smaller
potential difference across the dees transfers less kinetic energy to the ions, they travel slower and in circular paths
of smaller radii. The ions cross the electric field more times before they emerge from the cyclotron. The result is
that the ions have the same kinetic energy by the time they emerge from the cyclotron.

The kinetic energy of the emerging ions depends only on the magnetic field and the radius of the final circular
path i.e. the radius of the cyclotron.

. Worked Example

One of the earliest cyclotrons was constructed with a diameter of 12.5 cm. The magnitude of the magnetic field
acting in the dees was 3.00 T. The cyclotron was used to accelerate protons.

(@) Calculate the period of the protons in this cyclotron.

T = 2]Tm= 2 x 1.67 x 10_27 =2.19X1O_88
gB 1.60 x107"° x 3.00

(b) Calculate the frequency of the alternating potential difference.
felo 1 457 x107Hz
T 219 x10°%
(c) Calculate kinetic energy of the protons as they emerged from this cyclotron in J and MeV.
£ g*Br?  (1.60x107°)x3.00%x (6.25x1072)?
.=

o 6 X107 =2.69x107°J =1.68 MeV
x 1.67 x
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? Science inquiry activity

Some ideas for possible investigations include:

Discuss the advantages and disadvantages of generating radioisotopes in a cyclotron compared to a
nuclear reactor. Make recommendations for particular contexts.

Debate the need for both cyclotrons and nuclear reactors in the production of radioisotopes, including
the relationship between public debate and science.

Discuss the importance of the cyclotron in the South Australian Health and Medical Research Institute
(SAHMRI) facility.

Investigate medical uses and disadvantages of radioisotopes for diagnostic and therapeutic purposes
(e.g. PET scanners, boron neutron capture therapy).

Investigate benefits and limitations of using radioisotopes in industry (e.g. in quality assurance processes).
Discuss the safe storage and disposal of radioactive materials.

Study the production and use of radioisotopes, for medical or industrial use.

Explore the limitation on the energy of a charged particle emerging from a cyclotron due to relativistic effects.

- Exercises

1. A straight current-carrying conductor of length [ and carrying a current of magnitude 1, is placed at right
angles to a uniform magnetic field of magnitude B.

(@)

Write an expression for the force experienced by the conductor.

(b)

Write a new expression for the force on the conductor if the

(i)  current flowing through the conductor is doubled

(i) magnitude of the magnetic field is reduced by a factor of five.

(i) current is doubled and the magnitude of the magnetic field is reduced by a factor of five.

2. State the direction of the force on the current-carrying conductor in each case below.

(@)

198

B

| ————
X X X X

X X X X

O o

°® o

°® C
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3. The diagram below shows a conductor of length 50.0 cm carrying a current of 1.95 A in a uniform magnetic
field of magnitude 4.00 T.

B=4.00T

4. Acurrent of 2.0 x 102 A flows through a conductor to the starter motor of a car. The conductor is 1.0 m long
and is in the Earth’s magnetic field of magnitude 1.8 x 105 T.

(@) State the angle between the conductor and the Earth’s magnetic field when the conductor experiences
a maximum magnetic force.

(b) Calculate the magnitude of the maximum force that the conductor would experience due to the Earth’s
magnetic field.

(c) The position of the conductor is changed so that it experiences one quarter the maximum force. Calculate
the angle between the conductor and the Earth’s magnetic field at this new position.

5. The diagram below shows a current-carrying conductor placed at right angles to a uniform magnetic field of
magnitude 0.360 T produced between the opposite poles of two magnets.

A current of 2.00 A flows through the conductor and it experiences a force F =5.00x10N into the plane of
the page.

(@) State, with reason, the direction of the current flowing through the conductor.

(b) Calculate the length of conductor in the magnetic field.
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6. The diagram below shows two current-carrying conductors A and B in a uniform magnetic field.

[ L [ [ o
X A
[ [ o o o
l B
[ [ [ [ [

State the conductor, A or B for which each of the following is true.

(@ The force is zero

(o) The force is BIl and directed up the plane of the page

7. A straight current-carrying conductor experiences a force of magnitude F when it is placed in a uniform
magnetic field.

Use proportionality to discuss the effect on the force experienced by the conductor if the length of the
conductor in the magnetic field is halved and the magnitude of the magnetic field is tripled.

8. The diagram below illustrates a typical moving-coil loud speaker. Such a loudspeaker consists of a coil of
wire called the voice coil that is placed at right angles to a uniform magnetic field. The voice coil is attached
to a cone.

Permanent
Magnet

Moving Voice
Coil

Sound Wave
« » _—

Air Moviement

Electrical
Leads

Alternating
current

When an alternating current flows through the voice coil, the voice coil vibrates and since it is attached to the
cong, the cone also vibrates. The vibrating cone vibrates air particles to produce sound waves.

(@) Explain why the voice coil vibrates when an alternating current flows through the voice cail.
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(b) The voice coil of a loud speaker has a radius of 3.0 cm and is situated in a uniform magnetic field of
magnitude 0.80 T . The coil consists of 10 turns of wire.

(i)  Calculate the length of the voice coil.

(i) Calculate the magnitude of the force on the voice coil when a current of 0.95 A flows through the
voice coil.

9. The diagram below shows a conductor that remains suspended in a uniform magnetic field created between
the opposite poles of two magnets.

The conductor has a mass of 7.50 x 1072 kg per unit length and is lying in a horizontal plane that contains the
uniform magnetic field of magnitude 2.50 x 102 T perpendicular to the conductor. The conductor experiences
a magnetic force in the direction shown while it remains suspended in the magnetic field.

(@) Determine the magnitude of the current flowing through the conductor.

(b) Draw an arrow on the diagram that indicates the direction of the current flowing through the conductor.
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10. Figure A shows a simple motor consisting of a rectangular coil of wire containing many loops (called an
armature) mounted on an axle.

Axle

Brush Commutator
Fixed : Rotates with Cail
I
Figure A Figure B

Each end of the rectangular coil is connected to a ring of copper, called a commutator. Two brushes are
lightly pressed against the commutator by springs. The brushes are connected to an electrical supply. This
is illustrated in Figure B. When a current flows through the armature, each side of the armature experiences
a force.

(@) State and explain how the direction of the magnetic force on side AB in Figure B can be determined.

(e) State, with reason, the effect that each of the following would have on the motion of the armature.

(i)  The number of loops of wire used to make the armature is increased.

(i) A larger potential difference is applied across the armature.
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Represent the circular path traced by each charge in the uniform magnetic fields shown below.

(@) X X X X X (b)
X X X X X ° ° ° ° °
X X X X X
° ° ° ° ° €« q
X X X X X

L

The diagram below shows a proton as it enters a uniform magnetic field of magnitude 1.80 T with a speed
of 2.50 x 108 ms™.

\/

\

\

Y

B
TProton

(@) Calculate the magnitude and direction of the force acting on the proton as it enters the magnetic field.

(b) Describe and explain the path of the proton.

(c) Calculate the radius of curvature of the path followed.

13.

An electron and a proton travelling with the same velocity enter a uniform magnetic field at right angles to the
magnetic field direction.

(@) Compare the magnitude of the force on the electron and the proton as they enter the magnetic field.

(b) Explain whether the electron or the proton travels through the magnetic field in a circular path with a
smaller radius.
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14. A charged particle of mass m and charge g, enters a uniform magnetic field of magnitude B with a speed v
at right angles to the magnetic field.

(@ Show that the radius of the circular path is given by r= my

agB’

(b) The diagram below shows a charge of magnitude g = +2.70 x 10° C and mass m = 1.72 x 107'® kg
entering a uniform magnetic field of magnitude B = 2.00 x 10 T.

X X X X X X X B=200x10*T
g=+270x10°C —» X X X X X X X

X X X X X X X
(i)  Sketch a possible path for the charged particle.

(i)  The charged particle traces a circular path with a radius of 5.0 mm. Determine the kinetic energy of
the charge in eV as it enters the magnetic field.

15. A bubble chamber is a tank of superheated liquid hydrogen that is just kept on the verge of boiling. The tank
is placed in a strong magnetic field. When a charged particle moves through the bubble chamber, it will collide
with the hydrogen atoms. This ionises the hydrogen atoms and the path of the charged particle becomes
visible.

The diagram below shows the path of an electron as it moves through a bubble chamber under the influence
of a magnetic field perpendicular to the plane of the diagram.

(@ The electron moves in a circular path that spirals inwards. Explain why the radius of the circular path
decreases as the electron moves through the bubble chamber.

(b) State the direction of the magnetic field in the bubble chamber.
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16. The diagram below shows a charged particle entering a region containing a uniform magnetic field. The
charged particle travels in a circular arc.

(@) State the sign of the charge.

(b) If the charged particle enters the magnetic field with a greater speed, state with reason, the affect this
would have on the

()  magnetic force experienced by the charge.

(i)  radius of the circular arc.

17. A charge particle enters a uniform magnetic field B, at right angles to the field. The charged particle moves
in a circular path of radius r. When the same charged particle enters a second uniform magnetic field B, with
the same speed, it moves in a circular path of radius 3r.

Determine the ratio B, to B,.

Magnetic

field coil Deflected

electron
beam

Cathode

Deflection
— plates

Undeflected

electron
Fluorescent beam
coating

Electrons released from the cathode pass through an electric and magnetic field that are orientated at right
angles to one another. The force exerted on the electrons by the electric field acts in the opposite direction to
the force due to the magnetic field. The magnitude of the magnetic field is 2.5 T and the undeflected beam
of electrons has a speed of 140 ms™.
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(@ Draw an arrow on the diagram that indicates the direction of the magnetic field through the coils.

(b) State whether the magnitude of the electric or magnetic force acting on the electrons is greater for the
deflected electron beam shown in the diagram.

L X m, m
al):j s; 0 Photographic plate ' *

Photographic
plate +l-o—m|

...Q.O....OBO.

lons pass through two slits S, and S, before entering a velocity filter that selects ions of speed v=2.00 x 10°ms™".
These ions then enter a uniform magnetic field B=0.860T . lons with the same charge but of different mass
are separated by the magnetic field and are detected on a photographic plate. lons of mass m, and m, are
detected. The radius of the circular path traced by ions of mass m, is 25.0 cm and the radius of the circular
path of the ions of mass m,, is 25.6 cm.

(@) State the sign of the ions in this spectrometer.
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(c) Calculate the charge to mass ratio of the ions of mass m.,.

20.

A magnetic field of magnitude 1.50 T is used in the operation of a cyclotron that is designed to accelerate
singly charged deuterons (H,*). The deuterons are extracted at a radius of 25.0 cm and have a mass of H,*
= 3.34 x 10?7 kg.

(@) Calculate the period of the deuterons in the cyclotron.

(b) Calculate the frequency of the alternating potential difference.

(c) Determine the kinetic energy of the deuterons as they are extracted from the cyclotron (in J and MeV).

21.

The first prototype cyclotron was built with a dee diameter of 9.0 cm and could fit in the palm of a hand.
The cyclotron could accelerate protons to a kinetic energy of 81 KeV.

(@) Determine the magnitude of the magnetic field used in this cyclotron.

(b) Calculate the period of the protons in this cyclotron.

(c) Calculate the frequency of the alternating potential difference.
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22. The diagram below represents a typical cyclotron that is used to accelerate protons to high speeds.

Uniform
magnetic
field

Electric field
region

Spiral path of
accelerated
protons

High speed
protons.

(@) Describe the function of the uniform electric field.

(b) Describe the function of the uniform magnetic field.

(c) State the direction of the magnetic field in this cyclotron.

A modern medical cyclotron uses a magnetic field of 1.70 T and accelerates protons to a maximum
kinetic energy of 30.0 MeV.

q282r2

(d) Show that the kinetic energy of the protons as they emerge from the cyclotron is given by E,= 5m

(e) Calculate the radius of the cyclotron required to achieve this kinetic energy.

23. (@) Show that the period of charges accelerated in a cyclotron is given by T= B
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(b) Explain why the period of the charges accelerated by a cyclotron is independent of their speed within the
cyclotron.

24. Science as a human endeavour activity — Magnetic fields

The following text forms part of an article ‘Electrical Components of Maglev Systems: Emerging Trends’.
Date: 29 May 2019

Source: Nisha Prasad, Shailendra Jain and Sushma Gupta

https.//www.novuslight.com/real-time-tissue-diagnostics-with-miniature-
photonics-spectrometers_N8051.html#atop

Rapidly increasing urbanization has given rise to an aggravating transport crisis and deteriorating
environmental conditions [1,2,3]. According to recent studies, road transport dominates the global
transport industry with a percentage share of 35.1%. Road transport not only contributes around 72.6%
of total CO, emission resulting from the transportation, but it also consumes 75.3% of total transport
energy demand [3]. These facts emphasize the need for clean and efficient mass transit systems. Ralil
transportation industry has the capability to cope with the expanding transport network. However, on-
wheel railways worldwide fulfil 60% of their total energy demand through petroleum products. This not only
indicates the necessity of the electrification of railways, but it also emphasizes on the need of improvement
in their technological performance [3]. This has motivated the researchers and manufacturers to foster
the development of magnetic levitation (maglev)-based rail technology worldwide. Being a fully electrified
system, a maglev system can assure future passenger transport. Electrification makes it fully congruous
with the renewable energy resources without any technological modifications, which provides sustainability
to the system [1,2,3].

Explain how influence, one of the key concepts of science as a human endeavour applies to magnetic
levitation (maglev)-based rail technology worldwide.
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2.5 Electromagnetic induction

Science understanding

1. Magnetic flux (@) is defined as the product of magnetic field strength (B) and the area perpendicular to the
magnetic field (A ). Hence: ® = BA .

e Solve problems involving the use of ® = BA .

2. Electromagnetic induction is the process in which a changing magnetic flux induces a potential difference
in a conductor.

The induced potential difference is referred to as an electromotive force ().

The changing magnetic flux is due to relative movement of the conductor or variation of the magnetic field

strength.
5. Faraday’s Law states that the induced emf is equal to the rate of change of the magnetic flux.
For N conducting loops the induced ¢ is given by € = NAA—?

Lenz’s Law states that the direction of a current created by an induced ¢ is such that it opposes the change
in magnetic flux producing the €.

e  Solve problems involving the induction of an ¢ in a straight conductor.

e  Solve problems involving the induction of an ¢ in N conducting loops.

e Use the law of conservation of energy to explain Lenz's Law.

e Use Lenz’s Law to determine the direction of the current produced by the induced .
e Use Lenz's Law to explain the production of eddy currents.

8. Some generators use a fixed magnet to generate emfs in rotating conducting loops for electricity production.
e Explain how generators can be used to produce an alternating electric current.

9. Transformers allow generated voltage to be either increased or decreased before it is used. A transformer
consists of a input coil (with N turns) with a potential difference \/mpm and a output coil (with N_turns)

input output
with a potential difference \/Oumut. The relationship between the potential differences is given by the ?ormula:
V, N,

input " Tinput
\</3uz‘put - Noutput
e Explain how a transformer increases or decreases an alternating potential difference.
e Describe the purpose of transformers in electrical circuits.
e  Compare step-up and step-down transformers.
N

input

. . v,
e  Solve problems involving the use of: “neut _
output output

This chapter uses the concept of electric current developed in the Stage 1, Subtopic 2.1: Potential difference and
electric current.
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Magnetic flux (®)

Figure 2.5.1 shows a uniform magnetic field passing through three equal areas in different orientations to the
magnetic field.

Area 1

Area 2

Area 3

Figure 2.5.1

The angle between the area being considered and the magnetic field affects the magnetic flux. Area 1 is
perpendicular to the magnetic field. This situation creates the greatest magnetic flux. Six magnetic field lines can
be counted passing through Area 1. The magnetic flux is given by the product of the magnetic field (B) and the
area (A) i.e. ® = BA.

Area 2 represents Area 1 rotated clockwise through an angle 6. The magnetic flux is less than it is for Area 1.
Only four magnetic field lines can be counted passing through Area 2. The component of area perpendicular to
the magnetic field is used to calculate the magnetic flux i.e. ® = BA = BAcos®.

Area 3 has been rotated through an angle of ninety degrees and is parallel to the magnetic field (6 = 90°).
The magnetic flux is zero as there are no magnetic field lines passing through the area. It follows that
® = BA, = BAcost = BAcos90 = 0.

Magnetic flux ® through an area A, is defined as the product of the magnetic field strength B and the area
perpendicular to the magnetic field A .

® = BA = BAcost
where 6 is the angle between the area and a line normal to the magnetic field.

The Sl unit of magnetic flux is the Weber (Wb).

Converting units of area

The Sl unit of area is m?. To convert cm? to m? divide by 100? or 10 000. This is equivalent to multiplying by 10,
To convert mm? to m? divide by 10002 or one million. This is equivalent to multiplying by 10°.

x10
cm? » MmM?

x10°
mm?2 > m?
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. Worked Example
1. Calculate the magnetic flux through an area of 2.3 x 102 m? placed at right angles to a magnetic field of
magnitude 1.6 T.
®=BA =23x10%x1.6=3.7x10% Wb
2. Calculate the magnetic flux for an area of 16.0 cm? placed at an angle of 60.0° to a uniform magnetic field of
magnitude 3.00 T.

A
7< ® =BA =BAcosf=3.00 x 16.0 x 10 c0s60.0 = 2.40 x 10° Wb

y

Electromagnetic induction and electromotive force (¢)

Michael Faraday was the first person to show that a current could be induced in a conductor by moving it through
a magnetic field. He did this using a straight conductor which he placed in the uniform magnetic field produced
by a U-shaped magnet. The conductor was connected to a very sensitive ammeter or galvanometer and moved
within the magnetic field. The arrangement is shown in Figure 2.5.2.

motion

= sensitive
G 4 galvanometer

Figure 2.5.2

While the conductor was stationary, no current was detected by the galvanometer. As soon as the conductor
was moved, a small current was detected. When the conductor was moved in the opposite direction, the needle
deflected in the opposite direction. This indicated that a current flowed when the conductor moved and that the
direction of the current reversed when the direction of movement of the conductor was reversed.

When a conductor is moved in a magnetic field, a potential difference is induced in the conductor. This induced
potential difference is referred to as an induced emf and causes a current to flow.
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A changing magnetic flux due to the relative movement of a conductor

Figure 2.5.3 shows a straight conductor of length /, moving with a speed v at right angles to a uniform magnetic
field acting into the plane of the page.

X X >< B into page

Area swept out by conductor

Position of conductor
+ a short time later

Figure 2.5.3

Electrons in the conductor are forced to move with the same speed as the conductor and experience a force
given by F = gvBsin6 = gqvB since 6 = 90°. Using the right hand rule, electrons flow to the left end of the conductor.
This means that one end of the conductor has excess electrons and the other end lacks them (i.e. is positively
charged). Figure 2.5.3 shows that the left end of the conductor is negative relative to the right end. This creates
an induced potential difference or emf between the two ends of the conductor. The emf increases until it balances
the magnetic force acting on the electrons and stops them from moving.

Figure 2.5.3 also illustrates that the conductor sweeps out an area as it moves.
Although not part of this course, it can be shown that the induced emf = B x rate at which the area is swept out

= BAA AA‘? That is, the induced emf is given by the rate of change in the magnetic flux.

Faraday’s Law

Faraday’s Law states that the induced ¢ in a circuit is equal to the rate of change of the magnetic flux.
AD

E=Ar

The Sl unit of ¢ is the Volt (V).

Faraday’s Law can be extended to a situation involving n conducting loops. An example of this would be a
solenoid consisting of N loops of wire.

Notes

1. A change in magnetic flux can occur when a straight conductor moves in a magnetic field. The conductor
sweeps out an area while the magnetic field remains constant.

2. Achange in magnetic flux can also occur when the area is constant but the magnitude of the magnetic field changes.

A¢ (B~B,)
—N =NA—=—1= N

o Key ideas

1. Electromagnetic induction is the process in which a changing magnetic flux induces a potential
difference in a conductor.

2. The induced potential difference is referred to as an electromotive force (g).

3. The changing magnetic flux is due to relative movement of the conductor or variation of the magnetic
field strength.

[J Helpful online resources
-

The following computer interactives may be useful in further understanding Faraday’s []
Law: ‘Faradays Law’ from https //phet.colorado. edu/en/smulahon/faradays law %
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. Worked Example

1. A circular solenoid has a radius of 5.0 cm and consists of 40 turns. It is placed at right angles to a uniform
magnetic field of magnitude 1.4 T. The magnetic field strength is doubled in a time of 0.75 s. Calculate the

(@ change in magnetic flux for the solenoid.
A® = NABA = NB, - B)A = NB, - B,)nr* = 40 x (2.8 — 1.4) x t (0.050)" = 0.44 Wb
(b) emf induced through the cail.

emf = @=0';44=O.59V

Lenz’s Law

Heinrich Lenz was a German physicist who conducted experiments in the late 1800s in order to determine the
direction of the current induced by a change in magnetic flux.

Figure 2.5.4 shows a straight conductor moving to the right of the page in a uniform magnetic field acting into the
plane of the page.

X X X X X X
X X X X X X
F magnetic x ( v
X X X X X X
Figure 2.5.4

We have already seen that the movement of the conductor through the magnetic field produces an induced emf
and therefore current through the conductor. If an ammeter is connected to the conductor, it would show that the
current flows upwards through the conductor. Using the right hand rule, this means that a force, directed to the
left, acts on the wire. The induced emf produces a current that flows to produce a magnetic force that
opposes the movement that created change in magnetic flux.

A change in magnetic flux can also be caused when the strength of the magnetic field changes. Figure 2.5.5 shows
a magnet being moved towards the open end of a solenoid. Figure 2.5.6 shows the magnet being withdrawn.
An ammeter connected to the solenoid can be used to detect the direction of the current flowing through the
solenoid.

When the north pole of the magnet is brought close to the solenoid (Figure 2.5.5), a current is induced in the
solenoid. This is because the strength of the magnetic field closer to the north pole of the magnet is stronger than
the magnetic field further from the end of the magnet. A change in magnetic flux due to the changing magnetic
field strength induces an emf and therefore current across the solenoid. The direction of the current is indicated by
the ammeter (from the right end of the solenoid to the left end of the solenoid). This means that the current flows
through the solenoid in a direction that creates a magnetic field that opposes the change in magnetic
flux created by the motion of the magnet. That is a north pole is created at the end closest to the magnet.

C A c.c. cCc C €cC€C €CC.C A
* N _ S _

‘ B — _—
magnet moves magnet moves
! !

Figure 2.5.5 Figure 2.5.6
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When the magnet is withdrawn from the solenoid (Figure 2.5.6), the ammeter indicates that the current changes
direction. Again the current flows in a direction that produces a magnetic field that opposes the change
in magnetic flux created by the motion of the magnet. That is a south pole is created at the end of the
solenoid closest to the magnet.

It should be noted that the same effect occurs if the solenoid is moved towards a stationary magnet instead of the
magnet being moved towards the solenoid.

Lenz’s Law states that the induced emf creates a current in a direction that opposes the change in magnetic flux
producing the emf.

associated with electromagnetic induction, Faraday’s Law and Lenz’s Law.
https://www.youtube.com/watch?v=nGQbA2jwkWI|

Lenz’s Law in terms of the conservation of energy

Figure 2.5.5 showed the north pole of a magnet being moved towards the open end of a solenoid. This resulted in
a north pole being induced at the open end closest to the magnet. If a south pole were induced instead of a north
pole, the magnetic force of attraction between the two unlike poles would cause the magnet to accelerate towards
the solenoid. This would induce a greater current in the solenoid and the magnet would further accelerate. This
would continue and the speed and hence kinetic energy of the magnet would theoretically increase indefinitely.
This means that energy is created and violates the law of conservation of energy. The induced current must
therefore flow in a direction to oppose the change in magnetic flux that produced the induced emf.

. Worked Examples

1. The diagram below shows a straight conductor moving upwards in a uniform magnetic field.

—

v

B

X X | X X
«

X X X X

Determine the direction of the current induced in the conductor. Explain your answer.

According to Lenz’s Law, the induced current will flow in
a direction that opposes the change in magnetic flux v

producing the emf. This means that a force acts on the B
conductor that is directed down the plane of the page as X X[ X X
shown in the diagram. SR

The force acts down the plane of the page and the magnetic X X | X X
field acts into the plane of the page. Using the right hand e

rule, the current must flow towards the left of the page.

2. The diagram below shows the north pole of a bar magnet being moved towards a single loop of wire.

direction of
movement
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(@)

Explain why a current is induced in the loop of wire as the magnet approaches the loop.

As the magnet moves towards the loop of wire, there is a change in magnetic flux through the
loop of wire. A change in magnetic flux through the wire loop will induce an emf and hence
current through the loop of wire.

Explain the effect that moving the magnet towards the loop of wire with a greater speed would have on
the magnitude of the current induced through the wire loop.

Using Faraday’s Law, the induced emf is equal to the rate of change in magnetic flux through

the coail (e = %). If the magnet is moved faster, the change in magnetic flux occurs over a

smaller time interval. The induced emf will increase (¢ « é) which means that the current

through the wire loop will also increase.
Use Lenz's Law to determine the direction of the induced current flowing through the loop of wire.

As the magnet moves towards the wire loop, there is a change in e
magnetic flux (the magnetic flux increases). According to Lenz’s

Law, the induced current will flow to oppose the change in magnetic p
flux. Since the magnetic field of the magnet acts downwards. The /
current flows to produce a magnetic field that acts upwards through 3

the loop. Using the right hand rule, the current flows anticlockwise \
as shown in the adjacent diagram.

? Science inquiry activity

The following are some ideas for a possible investigation:

Investigate induced emf and currents using data loggers.
Investigate the output of a hand-turned generator.
Compare the structure and function of a generator to an electric motor.

The production of eddy currents in terms of Lenz’s Law

It would be useful to watch the following YouTube clips before continuing to the notes on eddy currents in this chapter.

[ Helpful online resources

industrial magnet falling towards a copper plate.
https://www.youtube.com/watch?v=Yu1uRvErM80

The YouTube clip below demonstrates a swinging magnet stopping when it moves over
a copper plate. This phenomenon, referred to as ‘magnetic braking’ is explained in terms
of eddy currents.

https://www.youtube.com/watch?v=ezXVzc64gRE

A magnet falling vertically down a metal tube takes a lot longer to fall that if they were to
fall down a plastic tube. Magnetic attraction cannot explain this phenomenon as copper
is not magnetic. The magnet does not make contact with the side of the copper tube, so
friction cannot explain why it takes longer to fall. The following YouTube clip demonstrates
this phenomenon using an Eddy Tube. It also explains magnetic braking.

https://www.youtube.com/watch?v=otu-KV3iH_|

Earlier in the chapter we discussed that a current is induced in a conductor such as a coil (or solenoid) whenever
there is a change in magnetic flux produced by a changing magnetic field. A current can also be induced in a solid
conductor such as a flat steel sheet, an aluminium tube or a copper plate. In this case we refer to eddy currents.
This is because the current that is induced flows in circular swirls much like ‘eddies’ in water.

An eddy current is the current induced in little swirls (“eddies”) on a large solid conductor due to a changing
magnetic field.
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Figure 2.5.7 shows a large metal plate swinging into a magnetic field. As the metal sheet swings into the magnetic
field, a changing magnetic flux induces an emf which forces electrons to flow in the metal plate. This creates eddy
currents within the metal plate.

plate leaving
the magnetic field

plate entering
the magnetic field

Figure 2.5.7

Figure 2.5.8 below shows the metal plate entering the magnetic field from a different point of view. As the plate
enters the magnetic field there is a change in magnetic flux through the plate (the magnetic flux increases). Since
the magnetic field produced by the magnet acts into the page, in accordance with Lenz’s Law, the eddy currents
flow in a direction that opposes the change in magnetic flux. That is, the eddy currents flow in a direction that
produces an opposing magnetic field out of the page. This magnetic field will act to reduce the magnetic flux
through the plate. Using the right hand rule, the eddy currents flow in an anticlockwise direction.

)

/kJ\\ Pivot
1/,'{/ “'\*\\\ 2
g // \\ i
plate entering the / \  plate leaving the
magnetic field ~ /’ in N\ magnetic field
7/ A » ‘.\T
O A U
ik N
PN 3
X X X X X X
Figure 2.5.8

As the metal plate leaves the magnetic field in Figure 2.5.8, there is another change in magnetic flux through the
plate (the magnetic flux decreases). The eddy currents flow in a direction that opposes this change; that is, the
eddy currents flow to produce a magnetic field into of the plane of the page. This acts to increase the magnetic
flux through the plate. Using the right hand rule, the eddy currents flow in a clockwise direction.

The result is an opposing force on the metal plate and it slows down or even stops. This is because the kinetic
energy of the plate is used to force the movement of electrons (i.e. the eddy currents) inside the metal plate and
some thermal energy is produced.

Figure 2.5.9 shows a current-carrying solenoid falling towards a conductive plate. The magnetic field produced
by the solenoid acts down as it approaches the plate. A change in magnetic flux induces an emf in the plate and
causes electrons to flow creating eddy currents in the plate. In accordance with Lenz’s Law, the eddy currents
flow in a direction to oppose the change in magnetic flux. The eddy currents produce a magnetic field that acts
upwards. Using the right hand rule, the eddy current shown flows in an anticlockwise direction and the solenoid
is repelled upwards.
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out

Magnetic
Flux Lines” >

Coil

Opposing magnetic field
produced by the eddy current
shown. Using the right hand
rule, the eddy current flows in
an anticlockwise direction.

Eddy Curent

Conductive Plate

Figure 2.5.9

Magnetic brakes work on this principle. For example, eddy currents can be used to quickly stop rotating power
tools when they are turned off. Adding a strong magnetic field around a spinning piece of metal will create eddy
currents in the metal. The eddy currents create magnetic fields which oppose any change in magnetic flux. This in
turn, produces an opposing force on the spinning metal and it slows down.

The braking system on some subways and trains also use electromagnetic induction and eddy currents.
An electromagnet is attached to the train and placed near the steel tracks. When a large current flows through
the electromagnet, the relative motion of the magnet and the rails induces eddy currents in the rails. The eddy
currents flow in a direction that opposes the change in magnetic flux that created them. This creates a force that
opposes the motion of the train. The magnitude of the eddy currents decreases as the train begins to slow down.
As a consequence the retarding force on the train reduces and the braking system is smooth.

To avoid large eddy currents being produced in a solid conductor, slits can be cut into the metal as shown in Figure
2.5.10. The braking effect is smaller.

Neighboring loops
in opposition

Figure 2.5.10
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A generator uses a fixed magnet to generate emfs in rotating conducting loops for electricity production.
A generator therefore converts rotational mechanical energy into electrical energy.

Extra Understanding

Main components of a generator
There are two types of generators: direct current (DC) and alternating current (AC).

DC and AC generators

Figure 2.5.11 below shows the main components of a single loop DC generator while Figure 2.5.12 shows the
main components of an AC generator.

Split-ring
commutator
brushes

Axle

Figure 2.5.11 DC generator

Slip rings

Rotor
coils/armature

brush contacts

Figure 2.5.12 AC generator

Main Component

Description/Function

Magnets

Usually curved permanent magnets or electromagnets that produce a uniform magnetic field.

Iron core

A soft iron that serves to maximise the magnetic field. The iron core is laminated to reduce
the effect of eddy currents.

Rotor coils or

Several loops of wire wound around the iron core. A current is induced in the rotor coils as

armature they rotate in the magnetic field.
Split-ring Two metal half-rings that connect either end of the rotor coils to the brushes. The split-rings
commutator provide points of electrical contact so that the induced current can flow to an external circuit

(DC generator)

through the brushes. The induced current is reversed every half rotation of the coil. This
produces current in one direction.

Slip-ring
commutator
(AC generator)

Two full-rings that connect either end of the rotor coils to the brushes. The slip-rings provide
points of electrical contact so that the induced current can flow to an external circuit
through the brushes. The induced current is not reversed every half rotation of the coils.
This produces AC current.

Brushes

Two graphite blocks on either side of the commutator. The brushes provide points of electrical
contact with the split or slip-rings so that the induced current can flow to an external circuit.

Axle

A rod that passes through the iron core and rotor coils and provides an axis of rotation for
the rotor coails.
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Using generators to produce an alternating electric current

In an AC generator, both ends of a coil are connected to separate slip-rings as shown in Figure 2.5.13. The slip-

rings rotate with the cail.

Every half turn or 180°, the direction of the current reverses and an alternating current is generated. Alternating

current is supplied to homes and industry.

Figure 2.5.13 shows the coil of an AC generator in a horizontal position. The coil is rotating clockwise. The emf
and hence current is greatest when there is the greatest change in magnetic flux. This occurs as it begins to rotate
from the horizontal position. Once in the vertical position the current flowing is zero. As it continues to rotate back
towards the horizontal position the change in magnetic flux gets gradually larger and so does the induced current.

Upward
movement of coil

movement of coil

contacts &
\ /

External circut with load

Figure 2.5.13

The result is a sinusoidal change in emf and current through the coil.

Figure 2.5.14 below illustrates the change in current as the coil rotates.

current

maximum current

A
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No current flows when the conductor is in vertical position

Figure 2.5.14
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Transformers

Main components

Many iron layers
separated by an
insulator

Iron core
O"’//1

Input coil Magnetic flux

AC Input

Output coil

Figure 2.5.15

A transformer consists of two coils of wire called the input coil and the output coil. The input coil consists of
Nmput turns of wire while the output coil consists of N . . turns of wire. The input and output coils are wrapped

around a soft iron core that increases the strength of the magnetic field. A potential difference V . EXists across
the input coil and a potential difference of V__  exists across the output coil.

output
V/n ut N/’n ut
The relationship between the potential differences across the primary and secondary coilsis given by: 4 — 1P
\{)utput Noutput

Step-up and step-down transformers

When an alternating potential difference V . is applied to the input cail, a current flows through the input coil. A
magnetic field is produced around the |nput COI| It quickly grows and cuts the output coil, producing a change in
magnetic flux through the output coil. This induces an emf (¢) and hence current in the output coil.

The current in the input coil will drop to zero as the potential difference reverses. This means that the magnetic field
in the input coil decreases and once again cuts the output coil. This produces another change in magnetic flux
through the output coil. A current flows through the output coil in the opposite direction. An alternating potential
difference of the same frequency is therefore induced in the output coil. This is a frequency of 50 Hz in Australia
and in many other countries. Some countries use a frequency of 60 Hz.

1. If the number of turns in the output coil is greater than the number of turns in the input coil, then the
transformer is referred to as a step-up transformer. This is because the potential difference in the input
coil is less than that in the output coil. The output current is lower than the input current.

2. If the number of turns in the output coail is smaller than the number of turns in the input coail, then the
transformer is referred to as a step-down transformer. This is because the potential difference in the input
coil is greater than that in the output coil. The output current is higher than the input current.
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. Worked Examples

1. A step-up transformer has an input coil with 85 turns of wire and an output coil with 1200 turns. A potential
difference of 240 V is applied across the input cail.

(@)

(b)

Calculate the potential difference in the output coil.

Wnput _ Ninput . =\/fnpufx Noutput _ 240 ><1200= 3400 V/
%utput Noutput output N,

input
The transformer needs to be modified if it is to produce a potential difference of 5500 V in the output coail.
Determine the increase in the number of turns of wire in the output coil needed to achieve this.

Wnput _ N/’nput . _ \{;utputxl\//nput _ 550085 -1948
\{)utput Noutput output V 240

input
The original transformer has 1200 turns in the output coil. A further 748 (approximately 750)
turns are needed.

2. A step-down transformer has a potential difference of 600 V applied across its input coil and produces a
potential difference of 12 V across its output coil.

Calculate the ratio of the number of turns in the input coil to the number of turns in the output coil.

V/npuz‘ _ N/’nput . N/npuz‘ _ 600 =50
\{autput Nouz‘puz‘ Noutput 12

A Science as a human endeavour

The following are some possible ideas for investigation:

1.

Explore the benefits and limitations of applications of electromagnetic induction, such as:

reading data from computer hard drives
induction cooktops

electromagnetic (eddy-current) braking
maglev trains

security systems

vehicle detection at traffic lights

metal detectors

minesweepers.

Assess the economic, social, and environmental impacts of power generation by:

mechanically powered torches
e domestic and industrial electricity power stations
e alternators in vehicles.

Analyse changes that have resulted from the use of transformers in contexts such as:

step-up and step-down transformers in electrical power transmission
step-down transformers in home appliances
e induction coils in vehicles.

. Exercises

1. (@

(b)

Define the term magnetic flux.

Calculate the magnetic flux through a conducting loop with an area of 4.0 x 102 m? which is placed at
right angles to a magnetic field of magnitude 1.2 T.
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2. The diagram below shows a circular loop of wire with a radius 10.0 cm in a uniform magnetic field of magnitude 2.50 T.

B=2.5T

(@)

(b) Discuss the effect that doubling the magnetic field strength would have on the magnetic flux through the
circular loop.

3. The diagram below shows a square conducting loop with dimensions 12.0 cm x 12.0 cm in a uniform
magnetic field of strength 0.980 T. The angle 6 = 35.0°.

(@) Calculate the area of the rectangular loop in m?2.

(b) Calculate the magnetic flux through the rectangular conductor.
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(¢) Determine the new value of 6if the magnetic flux through the rectangular loop is half its maximum possible value.

4. The diagram below shows a circular coil of wire of radius r placed at an angle to a uniform magnetic field of

6.

strength B.
B

Show that the magnetic flux through the circular loop is given by wr?Bsiné.

(@) State Faraday’s Law of electromagnetic induction.

(b) A circular loop with an area of 0.15 m? is placed in a magnetic field of magnitude 2.2 T. The magnetic
field strength is increased to 2.8 T in 3.0 ms.

Calculate the induced emf across the circular loop.

An emf ¢ is induced across a conducting loop of area A that is placed in a changing magnetic field.

Use proportionality to discuss the effect that each of the following changes would have on the emf induced
across the conductor. State the new emf in terms of «.

(@ The time over which the magnetic flux through the loop changes is tripled.

(b) The area of the conducting loop is halved.
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7. A square loop of wire is moved from position A to position B in a time t.

Position A Position B

\/

loop moves

Explain why there is no emfinduced in the loop.

8. The magnetic flux through a conducting coil with 25 loops is reduced from 60.0 Wb to zero in 5.20 seconds.
Calculate the emf induced in the conducting coil.

9. The diagram below shows a patient being monitored for breathing problems while they sleep (sleep apnea).
The device used consists of a coil with 80 turns of wire wrapped around the patient’s chest.

Earth
B-field
Induced emf produces an \
electrical signal that is Coil of 80 turns \‘
analysed. wrapped around X
patient’s chest > o

The Earth’s magnetic field has a magnitude of 5.0 x 10° T and makes an angle of 23° with the axis of the coil.
As the patient takes a breath, the area of the coil increases from 0.089 m? to 0.12 m? in a time of 0.82 s.

(@) Calculate the average change in magnetic flux through the coil.
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(c) The patient becomes anxious and starts breathing at twice the rate. State the effect on the magnitude of
the average induced emf through the coil.

10. (@) State Lenz's Law.

(b) The diagram below shows a straight conductor being moved through a uniform magnetic field.

Conductor moves upwards

Explain why an emf is induced across the conductor as it is moved through the magnetic field.

Draw an arrow on the diagram that represents the direction of the induced current that flows through
the conductor.

Use Lenz’s Law and the right hand rule to explain your reasoning for the direction of the induced current.

11. The diagram below illustrates a bar magnet moving towards a circular conducting loop.

Front of the circular
conducting loop

Movement of magnet
«————

Y

(@) Describe the reason for an emf being induced across the circular loop.
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(b) Draw an arrow on the conducting loop that represents the direction of the current induced in the circular
loop as the magnet is moved towards it.

(c) Use Lenz's Law to explain your reasoning for the direction of the induced current.

(d) State, with reason, the effect that each of the following would have on the magnitude and/or direction of
the current induced in the circular loop.

()  The bar magnet stops moving.

(i) The bar magnet is withdrawn from the circular loop.

A B

(@ UseLenz’s Law to determine the direction (from A to B or B to A) of the induced current through the solenoid.

(b) Use this situation to explain Lenz’s Law in terms of the conservation of energy.
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13. The diagram below shows a conducting coil in a magnetic field that is directed into the plane of the page.

The coil is moved to the right so that it is no longer in the magnetic field.

The loop has a radius of 6.0 cm and the magnitude of the magnetic field is 4.0 T.

(@ Calculate the change in magnetic flux through the coil due to it being moved out of the magnetic field.

(d) At what point in time does the induced current in the coil stop flowing?

The diagram below shows the north pole of a bar magnet being inserted into a single coil of wire of diameter 20.0 cm.

D —
20.0cm

(@) Determine, with reasons, the direction of the induced current in the coil.

(b) Anemf of 3.00 V is induced in the coil of wire in a time of 0.450 s. Calculate the change in magnetic flux
through the coil.
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(c) Calculate the change in magnetic field strength that created the induced current.

15. The diagram below shows the structure of a dynamic microphone. The diaphragm is attached to a coil of wire
that is free to move in a uniform magnetic field.

Magnet

Diaphragm

Sound Waves

Cone

Signal Out

(@ Explain how the sound waves are transformed into an oscillating electrical signal by the microphone.

16. The graph below represents how the magnetic flux through a conducting coil changes as the coil moves into
a uniform magnetic field and is then withdrawn.

Magnetic
flux (Wp) 0.9

0.8

0.7

0.6

0.5

0.4

0.3
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0.1

0.0

Time (s)

(@) Explain why the gradient of the graph represents the emf induced in the conducting coil.
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(b) () State the time at which the coil just enters the magnetic field.

(i) State the time interval during which the conducting coil is stationary within the magnetic field.

(i) State the time at which the coil has just been completely removed from within the magnetic field.

17. Figure 1 below shows a metal plate moving into the magnetic field produced by a horse-shoe magnet. The
metal plate moves at right angles to the magnetic field.

Metal plate is
moved into the

magnetic field of
the horse-shoe

Figure 1 Figure 2

(@ On Figure 2, draw one eddy current that may be produced in the plate as it is being moved into the
magnetic field.

(b) Explain the direction of the eddy currents produced in the metal plate.
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18. An induction cooktop contains tightly wound copper coils called the induction coil. The induction coil is
located under a ceramic cooktop. The pan used to cook food is placed on top of the ceramic cooktop and
over the induction coil.

Base of pan

current

Induction

coil
Magnetic field
created by the
copper coils

When an alternating current flows through the induction coil, eddy currents are set up in the base of the
pan. Electrons collide with atoms in the metal base of the pan. Thermal energy is released which heats the
contents of the pan. The direction of the current through the induction coil is shown by the white arrows:

(@) On the diagram, show the direction of the magnetic field created by the induction coil by adding a clear
arrow on each of the two lines already drawn to represent the magnetic field of the induction cail.

(b) Draw one large circular arrow in the base of the pan that represents the direction of the eddy currents
produced in the base of the pan.

(c) The photograph below shows a fry pan cut in half and placed over the heating element of an induction
cooktop. A block of chocolate is positioned so that half is in the pan and the other half lies directly on
the cooktop.

(i)  Explain why the chocolate that lies directly on the cooktop does not melt.
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19. The photograph below shows an angle grinder in use. This is a power tool that consists of a rotating metal
disc. Angle grinders have many uses, including metal fabrication. A magnetic braking system is used to
quickly stop the rotating metal disc when the grinder is turned off.

>

The diagram below shows the rotating disc and the magnetic field produced by the magnetic braking system.

Rotation

Q)

Magnetic field produced by
the magnetic braking system

On the diagram of the rotating disc, draw several eddy currents that could be produced by the magnetic
braking system. Clearly indicate the direction of the eddy currents.

Briefly describe why the rotating disc stops when the eddy currents are produced in the disc.

Describe the purpose of a transformer in an electrical circuit.

A transformer has an input coil with 50 turns and an output coil with 250 turns.

(i)  State whether the transformer is a step-up or step-down transformer.

(i) State the ratio of the potential difference across the input coil to the potential difference across the
output cail.

21. Atransformer has 1850 turns in its input coil with a potential difference of 1150 V. The output coil has 650 turns.

Calculate potential difference across the output coil.
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22. Compare each of the following features of a step-up and step-down transformer.

(@ The number of turns in the input and output coils.

(b) The voltage across the input and output coils.

(c) The output current in the output coil.

23. A transformer is used to change 240 Vto 12 V.
(@) State whether the transformer is a step-up or step-down transformer.

(b) Calculate the number of turns in the output coil, if the input coil of the transformer has 2000 turns.

24. The ratio of potential difference in the output coil of a transformer to the potential difference in the input coil
of a transformer is 20.

(@) State whether the transformer is a step-up or step-down transformer.

(b) Calculate the number of turns in the input coil of the transformer if the output coil has 860 turns.

25. A soldering iron is a tool commonly used to connect electrical wires or other electrical connections.
The soldering iron generates heat to melt solder. The image below shows a soldering iron in use.

A soldering iron is an example of a step-down transformer with a large step ratio. Describe what a large step
ratio would indicate in the case of a soldering iron.
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Topic 3: Light and atoms
3.1 Wave behaviour of light

Science understanding

1. Oscillating charges produce electromagnetic waves of the same frequency as the oscillation; electromagnetic
waves cause charges to oscillate at the frequency of the wave.

e Use the frequency of oscillation of the electrons in the transmitting and receiving antennae to explain
the transmission and reception of electromagnetic signals.

2. Electromagnetic waves are transverse waves made up of mutually perpendicular, oscillating electric and
magnetic fields.

e Relate the orientation of the receiving antenna to the plane of polarisation of electromagnetic waves.
3. The speed of a wave, its frequency, and its wavelength are related through the formula v = fA.

e  Solve problems using v = fA.
4. Most light sources emit waves that radiate in all directions away from the source.

Monochromatic light is light composed of a single frequency.

Coherent waves maintain a constant phase relationship with each other.

e Describe what is meant by two wave sources being in phase or out of phase.
e  Explain why light from an incandescent source is neither coherent nor monochromatic.

7. When two or more electromagnetic waves overlap, the resultant electric and magnetic fields at a point can
be determined using the principle of superposition.

When the waves at a point are in phase, ‘constructive interference’ occurs.

When the waves at a point are out of phase, ‘destructive interference’ occurs.

e Use the principle of superposition to describe and represent constructive and destructive interference.
10. For two monochromatic sources in phase, the waves at a point some distance away in a vacuum:

e  constructively interfere when the path difference from the sources to the point is mA
e  destructively interfere when the path difference from the sources to the point is (m+1§)x

where m is an integer and A is the wavelength.

e Use the principle of superposition to determine points of maximum or minimum amplitude resulting
from the interference of light from two wave sources of the same frequency.
e Use constructive and destructive interference to explain the maximum and minimum amplitudes.

11. Young’s double-slit experiment can be used to demonstrate the wave behaviour of light.

12. The formulae dsin@ = mA and Ay — AL can be used to analyse the interference pattern, where d is the

d
distance between the slits, 0 is the angular position of the maximum, Ay is the distance between adjacent
minima or maxima on the screen, and L is the slit-to-screen distance.

e Describe how two-slit interference is produced in the laboratory using a coherent light source.

e Describe how diffraction of the light by the slits in a two-slit interference apparatus allows the light to
overlap and hence interfere.

e Sketch a graph of the intensity distribution for two-slit interference of monochromatic light. (Consider
only cases where the slit separation is much greater than the width of the slits.)

e Explain the bright fringes of a two-slit interference pattern using constructive interference, and the dark
fringes using destructive interference.

e  Solve problems involving the use of d sinf = mA and Ay = AL .

d
e  Determine the wavelength of monochromatic light from measurements of the two-slit interference pattern.

13. The interference pattern produced by light passing through a transmission diffraction grating demonstrates
the wave behaviour of light.

14. Transmission diffraction gratings can be used to analyse the spectra of various light sources.
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15. The formula dsinf = mA can be used to analyse the interference pattern.

e Describe how diffraction by the very thin slits in a transmission diffraction grating allows the light from
the slits to overlap and hence interfere to produce significant intensity maxima at large angles.

e  Derive dsind = mA for the intensity maxima in the pattern produced by a transmission diffraction grating,
where d is the distance between the slits in the grating and 6 is the angular position of the m"™ maximum
(m specifies the order of the maximum).

e  Solve problems involving the use of dsind = mA.

e  Sketch a graph of the intensity distribution of the maxima produced by a transmission diffraction grating,
for monochromatic light.

e Determine, from the distance between the slits in the transmission diffraction grating, the maximum
number of orders possible for a given transmission diffraction grating and wavelength.

e  Describe how a transmission diffraction grating can be used to experimentally determine the wavelength
of light from a monochromatic source.

e Describe and explain the white-light pattern produced by a transmission diffraction grating.

e |dentify the properties of a transmission diffraction grating that make it useful in spectroscopy.

This chapter uses the concept of waves developed in the Stage 1, Subtopic 5.1: Wave model and 5.3 Light.
Oscillating charges and electromagnetic waves

In subtopic 2.1 we saw that stationary charges produce a stationary electric field. An oscillating charge will
therefore produce an oscillating electric field.

In subtopic 2.3 we saw that a moving charge produces a magnetic field that is perpendicular to the movement of
the charge. This is in addition to the electric field associated with the charge. If the charge is moving with constant
velocity, the magnetic field is constant. If the charge is oscillating, the magnetic field will also oscillate. In subtopic
2.5 we saw that a changing or oscillating magnetic field induced an oscillating current in a conductor.

James Clerk Maxwell was a Scottish mathematician and physicist. In 1864 he introduced his theory for
electromagnetic radiation. This theory is sometimes referred to as the wave model for light and is based on
the idea that an oscillating electric field produces an oscillating magnetic field and an oscillating magnetic field
produces an oscillating electric field.

When charges are forced to oscillate, they produce electromagnetic waves that consist of oscillating electric and
magnetic fields. The two fields oscillate at right angles to each other and to the direction of wave propagation
(travel). By definition, electromagnetic waves are transverse waves and travel with a constant speed of 3.00 x 10®
ms~' in a vacuum.

Figure 3.1.1 below, illustrates an electromagnetic wave.
Electric Field Oscillation
A

Wavelength

»
—>

Propagation

Magnet Field Oscillation
Figure 3.1.1

The concept of electromagnetic waves and the electromagnetic spectrum, which consists of all forms of light,
were introduced in the Stage 1 Workbook: Subtopic 5.3. The frequency of an electromagnetic wave is the same
as the frequency of the oscillating charges that produce the wave. The frequency of the oscillation will therefore
determine the type of electromagnetic wave that is produced.
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Figure 3.1.

2 illustrates the electromagnetic spectrum and gives an indication of the magnitude for the wavelength

and frequency of different types of electromagnetic waves.
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Figure 3.1.2

o Key ideas

1.

Oscillating charges produce electromagnetic waves of the same frequency as the oscillation;
electromagnetic waves cause charges to oscillate at the frequency of the wave.

Electromagnetic waves are transverse waves made up of mutually perpendicular, oscillating electric
and magnetic fields.

Electromagnetic waves are transverse waves and travel with a constant speed of 3.00 x 108 ms™ in
a vacuum.

The wave equation for the speed v of a wave applies to all forms of electromagnetic radiation.

[ Helpful online resources
1 :

The following YouTube clip shows the electric field of an electron when it is stationary and
while it vibrates.

https://www.youtube.com/watch?v=DOBNo654pwQ

The following YouTube clip is an animation of an oscillating charge that produces an
electromagnetic wave. The electric field is produced in the same plane that the charge oscillates.

https://www.youtube.com/watch?v=hXSXp3QNTjQ

. Worked Example

Calculate the frequency of X-rays that have a wavelength of 2.00 x 10-"?m.
v="1A

v _ 3.00 x 108

Therefore f= — =222 "~ =150 x 10°Hz
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Radio and television signals

Antennae are usually made of aluminium rods and convert an electric current
into electromagnetic radiation and vice versa. Antennae are designed
to transmit and/or to receive radio or television signals within a certain
frequency range according to their size and form.

The simplest type of antenna consists of two metal rods, and is known as
a dipole antenna. The monopole antenna, consists of a single rod placed
vertically on a large metal plate. The antenna mounted on vehicles is usually
a monopole antenna, with the metal roof of the vehicle serving as a ground
plane. In general antennae all work on the same principle.

Figure 3.1.3 shows two of the three tall broadcasting transmission towers
located in Mount Lofty about 15 km away from the city centre of Adelaide.
The three broadcast towers are Broadcast Australia, TX Australia and
TX Australia NWS-9 towers.

The plane of polarisation of radio
and television waves

The polarisation of waves was discussed in Subtopic 5.3 of the Stage 1 Workbook. Plane-polarisation involves
the restriction of vibrations to a single plane. Radio and television waves are produced when electrons are forced
to oscillate in a transmitting antenna. Since the electrons can only oscillate in one plane parallel to the antenna,
the emitted waves are said to be plane-polarised. In other words, the electromagnetic wave is plane-polarised in
the direction of the vibrating charge. Figure 3.1.4 shows a vertically plane-polarised electromagnetic wave and a
horizontally plane-polarised electromagnetic wave.

Vertically polarised waves

Electric Field

Transmitting
antenna (vertical)
The electric field
oscillates vertically
in relation to the
ground

Receiveng
antenna

Magnetic Field

The magnetic field and electric field
Horizontaly polarised waves vibrate at the right angels to each other

Magnetic Field

Transmitting
antenna (horizontal)
The electric field
oscillates horizontaly
in relation to the
ground

Receiveng
antenna

Electric Field

Figure 3.1.4

? Science inquiry activity
1 Your teacher may demonstrate the polarisation of microwaves.

2  Utilise this computer interactive showing the production and transmission of electromagnetic waves:
https://phet.colorado.edu/en.simulation/legacy/radio-waves.
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Transmitting and receiving an electromagnetic signal using antennae

Electrons in the transmitting antenna are forced to oscillate along the length of the antenna by an alternating
potential difference (sometimes referred to as a radio frequency RF) attached to the antenna. This creates an
oscillating electric field. The oscillating electric field produces an oscillating magnetic field at right angles to the
electric field. Both fields are perpendicular to one another and the direction that that the wave travels. Since
an oscillating electric field can create an oscillating magnetic field and vice versa, these two fields continually
reproduce one another and a plane-polarised electromagnetic signal (e.g. radio or television), radiates away from
the antenna in all directions. Figure 3.1.5 shows a vertically plane-polarised radio wave being emitted from an
antenna. The frequency of the radio wave is the same as the frequency of oscillation of the electrons in the
transmitting antenna.

Electrons oscillate along the
length of the antenna

Radio I

frequency ™
generator

The emited electromagnetic
radio or television wave

Figure 3.1.5

As the electromagnetic wave transmitted from an antenna approaches a receiving antenna, the oscillating electric
field exerts a force (F = E£q) on the stationary electrons in the receiving antenna. The electrons will oscillate at the
same frequency as the electric field. This produces an alternating potential difference between the two rods of
the dipole. The frequency of the alternating potential difference is the same as the frequency of oscillation of the
electrons. In this way, the electromagnetic signal that was originally emitted is now received.

Figure 3.1.6 shows an electromagnetic wave approaching a receiving antenna.

E

Electrons in the receiving antenna
are forced to oscillate by the electric
field of the transmitted wave.

The electrons oscillate with the same
frequency as the transmitted wave. Receiving

antenna

Figure 3.1.6

238 © Essentials Education



WAVE BEHAVIOUR OF LIGHT TOPIC 3

The orientation of the receiving antenna and the plane of polarisation
of electromagnetic waves

A strong signal will be received by a receiving antenna if it is orientated parallel the antenna transmitting the signal.
That is, the receiving antenna is orientated in the same plane of polarisation as the transmitted electromagnetic
wave. This is because the electrons in the receiving antenna are made to oscillate by the electric field not the
magnetic field which does not exert a force on stationary electrons in the receiving antenna (F = qvBsiné).
The electric field is emitted in the same plane that the electrons are forced to vibrate in the transmitting antenna
s0 it follows that the transmitting antenna and the receiving antenna need to be parallel to receive a strong signal.

If the receiving antenna is orientated at right angles to the antenna transmitting the radio or television wave, the
electric field of the transmitted signal cannot oscillate the electrons in the receiving antenna so that they oscillate
to produce a large oscillating potential difference across the rods of the antenna. In this case, a very weak signal
is received.

Extra understanding

Figure 3.1.7 below shows a typical city antenna, while Figure 3.1.8 shows a typical country antenna. These
antennae are mounted on the roof of a home and are used to receive television and radio signals.

Figure 3.1.7 Figure 3.1.8

City and country radio and television signals are polarised in planes perpendicular to each other. City signals
are horizontally plane-polarised (antennae are orientated horizontally) while country signals are vertically-plane
polarised (antennae are orientated vertically). Strong signals require a receiving antenna to be orientated in the
same plane of polarisation as the transmitted signal. This means that city antennae can’t receive a strong country
signal and vice versa. This reduces the possibility of the two signals interfering.

A Science as a human endeavour

The following are suggestions that may lead to an investigation.
Explore examples of new technologies enabled by an understanding of electromagnetic waves:

e data recording, storage, transmission and reproduction
e AM and FM radio/TV

e mobile phone transmission, Bluetooth, Wi-Fi

e  orientation of transmitting and receiving antennae

e synchrotron radiation.
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Wave terminology
Monochromatic light

The word monochromatic comes from two Greek words: mono, meaning single and chroma, meaning colour.
Monochromatic visible light is therefore light of one colour. Recall that the electromagnetic spectrum contains
all forms of light. Oscillating charges produce electromagnetic waves and the frequency of the oscillations will
determine the frequency and hence type of electromagnetic wave produced. This means that monochromatic
light consists of a single frequency and therefore wavelength of light.

Wave sources that are in phase or out of phase

Two wave sources that are in phase emit
waves that are in step. This means that if one
wave source emits a crest so does the other,
alternatively if one source emits a trough so does
the other. This concept can be extended to any
number of wave sources.

Waves produced by
= wave sources that
Transverse waves, such as light, are said to be are in phase
in phase if the crest of one wave coincides with
the crest of another. The trough of one wave
therefore coincides with the trough of the other.
Figure 3.1.9 illustrates the waves produced by

two wave sources that are in phase. Figure 3.1.9

Two wave sources that are out of phase emit
waves that are out of step. For the purpose of this
course two wave sources being out of phase will
refer to the waves being half a wavelength (%) out
of step. This means that if one wave source emits
a crest, the other wave source emits a trough.
Figure 3.1.10 illustrates the waves produced by

two wave sources that are out of phase.

Waves produced by
= wave sources that are

%out of phase

52 23

Figure 3.1.10

Coherent wave sources

Coherent wave sources produce waves that remain in phase as they radiate in all directions away from a source.
Wave sources can be coherent and in phase or coherent and out of phase. To remain in step, the waves must
have the same frequency.

240 © Essentials Education



WAVE BEHAVIOUR OF LIGHT TOPIC 3

Light from an incandescent source

An incandescent light source is a source of light produced by heating a material until it glows. A common example
is a light bulb. A light bulb is an artificial source of incandescent light produced by heating a wire filament with
electricity. This process is called incandescence. The resistance of the filament causes electrons to vibrate randomly
and with a range of frequencies as they move through the filament. These oscillations produce electromagnetic
radiation or light.

The light produced by an incandescent source consists of a range of frequencies. In addition, random oscillations
mean that the emitted light does not maintain a constant phase relationship. Light from an incandescent light
source is neither monochromatic nor coherent.

Figure 3.1.11 shows glowing hot coals and Figure 3.1.12 shows a common light bulb. Both are examples of
incandescent sources of light.

Figure 3.1.11 Figure 3.1.12

Principle of superposition

We have already seen the principle of superposition being applied to electric forces and electric fields in
Subtopic 2.1. Superposition also applies to waves. In general, the resultant amplitude of a wave produced when
two or more waves meet at a point in space is a vector sum of the individual amplitudes of the waves that meet.

The principle of superposition for electromagnetic waves states that when two or more electromagnetic waves
overlap, the resultant electric and magnetic fields at a point are the vector sum of their separate fields.

Constructive and destructive interference

Figure 3.1.13 shows two identical waves that are
in phase. When waves at a point are in phase,
the principle of superposition states that the
amplitude of the resultant wave is the vector
sum of the individual amplitudes i.e. twice the
amplitude of the original waves.

This is referred to as constructive interference.

Figure 3.1.14 shows two identical waves that
are out of phase. When waves at a point are
half a wavelength out of phase, the principle of
superposition states that the amplitude of the
resultant wave is the vector sum of the individual
amplitudes i.e. the amplitude of the original waves
cancels to zero.

This is referred to as destructive interference.
Figure 3.1.14
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Two-source interference

In Subtopic 5.3 of the Stage 1 Workbook , the interference pattern that resulted when two coherent wave sources
overlap was discussed in terms of path difference. Your teacher may demonstrate a two-source interference
pattern using a ripple tank or two-source simulation application such as

https://phet.colorado.edu/en/simulations/wave-interference

Figure 3.1.15 below maps the crests and troughs of two coherent wave sources that overlap. For the purpose of
this course, only sources that are in phase will be considered. The concepts described can be extended to other
forms of waves but of particular interest is light.

Waves at these locations meet half a wavelength
out of phase and undergo destructive interference.
The results in a minimum amplitude due to the PD=0

Waves at these locations meet in phase and
undergo constructive interference. The results
in a maximum amplitude due to the principle of

principle of superposition superposition

The curved lines that result join points at which the
waves meet constructively or destructively. The
path difference for the distance travelled by the
waves from each source is the same along each
curved line and its value is marked on the diagram
as PD.

A
1
Wave source 1 Wave source 2
crest S, S, Constructive interference
— = = trough — = = Destructive interference

Waves from each of the coherent sources travel different distances to the point were they me<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>