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: Worked examples
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KEY QUESTIONS

1 How are particle accelerators able to provide the
centripetal acceleration to change the direction of a
charged particle using electromagnetic fields?

A Charged particles are part of the electromagnetic
spectrum,

B Charged particles experience a force from the.
magnetic field that is proportional to the particle’s
velocity, constantly accelerating the charged
particle.

 The accelerator is curved around the magnetic fild.

D Charged particles wil always accelerate when
placed in a vacuum.

An electron with a charge magnitude of 1.6 x 1019 C

is moving eastwards into magnetic field of strength

B=15 x 10° T acting into the screen, a5 shown

below. I the magnitude of the inital velocity is

10 m s, what is the magnitude and direction

of the force it intially experiences as it enters the

magnetic field?

N

L

s

3 Electrons in a cathode ray tube (CRT) are accelerated
through a potential difference of 2.5 kV. Calculate the
speed at which they hit the screen of the CRT.

+ The magnitude of the force on a charged object
within a magnetic field i given by F = QvB.

+ The right-hand rule is used to datermine the
direction of the force on a positive charge moving
in a magnetic field, B The direction of the force
on a negatively charged particle is n the opposite.
direction.

+ The radius of the path of an electron travelling at
right angles to a uniform magnetic ield is given
by =2

4 An slectron raveling at a speed of 7.0 x 106 m s
passes through a magnetc fied of strength

86 10° T, The electron moves at right angles to

the i

& Calculate the force exerte on the lectro by the
magnetic field

b Given that this forc dircts the electron in a
ircular path,calulate th raciu of ts motion.

An electron with speed 7.6 x 10° m s travels through

a uriform magnetc fied and folows a circular path

of ciameter 2 10 m, Calclae the magneic fied

Strength through which the elecron travels.

6 1 an experiment simiar to Thomson'sfo determining

the charge to mass ralio & ofcathode rays (slectrons)

lectrons trave t right angles though a magretc

fikd ofsrengih 15 x 10T Gien tha thy travel in

an o of radius & om and that £ = 1.76 % 1011 C kg,

calculate he speed of the lectons.

A partice aceleator uses magneti il to

accelerat electrons to very high speecs. Explai,

using appropriate heory and rlationships, how the

acoslerator achiove these high specds

In an electron gun, an slctron is accelrated by a

potenta iference of 28 k. With what veloty does

the slectron exit the assembly?

An electron beam traveling through a cathode

ray tube is subjecte to Simulaneous electic and

magnetic fieds. The elctrons emerge with no

deflecion Given tha the potential iference across

the paralle plates X and Y is 30 kY, and tht the

applied magnetic field is of strength 1.6 x 102 T,

calculate the distance between the piass.

@

©

AREA OF STUDY 1

Chapter review

apparent weight direct current

apparent weightlessness  electromagnet
armature electron gun
artifcial satellites free fal

cathods ray tube geostationary satelite
centripetal acceleration  natural satellte
commutator normal reaction force

1 Calculate the apparent weight of a 45.0 kg child
standing in a lf that is decelerating while travelling

upwards at 3.15 m 5%

Which description best describes the motion of

astronauts when orbiting the Earth?

A They fioat in a zero gravity environment.

B They float in a reduced gravity environment.

 They fall down very slowly due to the very small

gravy.

D They fal in a reduced gravity environment.

Select the statement below that correctly states how

a satellte n a stable circular orbit 200 km above the

Earth will move.

A It will have an acceleration of 9.8 m s

B It will have constant velocity.

C it il have zero acceleration.

D it il have acceleration of less than 9.8 m s

What can be said about an object i that object

is orbiting the Earth in space and appears to be

weightless?

A Itisin freefal.

B Itisin zero gravty.

C it has no mass

D itis floating:

Alow-Earth-orbit satelte X has an orbital raius of

and period T. A high-Earth-orbit satelte Y has orbital

radius of 5r. In terms of T, what is the orbital period

ofv?

The planet Neptune has a mass of 1.02 x 107 kg,

One of its moons, Triton, has a mass of 2.14 x 102 kg

and an orbital radius equal to 355 x 10° m.

a Calculate the orbital acceleration of Triton

b Calculate the orbital speed of Trton.

© Calculate the orbital period of Titon (in days).

Ceres, the first asteroid to be discovered, was found

by Giuseppe Piazzi in 1801. Ceres has a mass of

7.0 % 10 kg and a radius of 385 k.

a What s the gravitational feld strength at the.

surface of Ceres?

~

-

o

particle accelerator
satellte

stator

synchrotron
torque

waight

b Determine the speed required by a satelte in
order to remain i orbit 10 km above the surface
of Ceres.

The following informaton appliesto questons 8-11

Diagram (a) bslow shows an end-on view of a current-

carrying loop, LM, The loop s free to otate about a

orizontal axis XY. You are looking at th loop from the

Y endl of the avs. The same loop s seen from the top in

figure (5. Iniilly,arms L and M are horizontal (L1-M1).

Later they are rtated so that they are vertcal (L2-M2).

The loop s lacated in an external magnetic feld of

magritude B directed ast (o rght angles to the axis of

the loop) Nate the current directions in (2): ot of the
page in M and into the page in L With reference fo the

Up-down, W-E cross arrows in (a):

®
—— w
oD o 3
Y 3
doun
L
® =
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NIT 4 ¢ Area of Study 2

REVIEW QUESTIONS

How are light and matter similar?

The following information relates to questions 14,
Light passing through a yellow filter is incident on the
cathode in a photoelectric effect experiment as shown

in diagram (a). The reverse current in the circuit can be
altered using a variable voltage. At the stopping voltage,
V,. the photocurrent is zero, The current in the cirut is
plottect as a function of the applied voltage in diagram (b).

@ yellow fiter

/ lght beam

® Curtent ()

Potential difference between
emitter and collector ()
1 Which of the following changes would result in an
increase n the size of V;?
A replacing the yellow fiter vith a red filter
B replacing the yellow fiter with a biue filter
© increasing the intensity of the yellow light
2 Which one of the following options best describes why
there is zero current in the circuit when the applied
voltage equals the stopping voltage?
A The threshold frequency of the ermitter increases to
a value higher than the frequency of yellow light.
B The work function of the emitter is increased to
a value higher than the energy of a photon of
yellow light
 The emitted photoelectrons do not have enough
Kinetic energy to reach the collector.

3 Which of the following descriptions of the graphs X

and Y in diagram (b) are correct?

A Both graphs are produced by yellow light of
different intensitis.

B Graph X is produced by yellow light while graph Y
is produced by blue light

€ Each graph is produced by light of a different
colour and different intensity.

The emitter of the photocel is coated with nicke!

The filte is removed and a 200 nm light s directed

onto the cathode. The minimurm value of V, that will

resultin zero current in the circuitis 1.21 V. What is

the work function of nickel?

Describe three experimental results associated with

the photoelectric effect that cannot be explained by

the wave model of light.

The following information relates to questions 6-9.

In a double-slit interference experiment, an electron

beam travels through two narrow sits, 20 mm apart in

a piece of copper fol. The resulting pattern is detected

photographically at a distance of 2.0 m. The speed of the

electrons is 0.1% of the speed of ight.

Calculate the de Broglie wavelength of the electrons

used in the experiment.

What do you expect to see on the photographic plate?

Given that electrons are particles, how do you interpret

the behaviour of the electrons in this experiment?

If the experiment were to be repeated using neutrons,

at what speed would a neutron need to travel to have

the same de Broglie wavelength as the electrons in

Question 87

The following information relates to questions 10-12.

The energy levels for atomic mercury are as follows.

N

Eev)
6 nes

Determine the frequency and wavelength of the light
emitted when the atom makes the following transitions:
100=4t0n=1

11n=2tan=1

12 n=4ton=3

The following information relates to questions 13-15.
An electron is aceelerated across a potential difference

13 What kinetic energy will the electron gain?

14 What speed will the electron reach?

15 What s the de Broglie wavelength of the electron?

16 How did Niels Bohr explain the observation that for
the hydrogen atom, when the frequency of incident
light was below a certain value, the light would simply
pass straight through a sample of hydrogen gas
without any absorption oceurring?

The following information relates to questions 17-15.

Physicists can investigate the spacing of atoms in a

powdered crystal sample using slectron diffraction. This

involves accelerating electrons to known speeds using an
accelerating voltage. In a particular experiment, electrons
of mass 9.11 x 10 kg are accelerated to  speed of

175X 107 m s The electrons pass through a powdered
crystal sample, and the diffraction pattern is observed on

2 fluorescent screen.

17 Calculate the De Broglie wavelength (in nm) of the
accelerated electrons,

8 Describe the main features of the expected diffraction

patten.

19 If the accelerating voltage is increased, what difference

would you expect to se in the diffraction pattern

produced? Explain your answer.

How would de Broglie explain the light and dark rings

produced when a bear of electrons is fired through a

Sodium chioride crystal?

Describe how the wave-particle duality of electrons.

can be used to explain the quantised energy levels of

the atoms.

Which one or more of the following phenomena can

be modelled by a pure wave model of ight?

A the photoslectric effect

B refraction

© the double-sit interference of light

D reflection

E diffraction

23 Define the electron-volt.

24 Why are all of the frequencies of light above the
fonisation energy value for hydrogen continuously
absorbed?

25 How do our wave and particle models of light parallel
the ideas related to electrons and matter waves?

26 For an electron and a proton to have the same
wavelength:
A the electron must have the same energy as the.
proton.
B the electron must have the same speed as the

€ the electron must have the same momentum as
the proton,
D it is impossible for an electron and a proton to have
the same waveleng!
The following information relates to questions 27 and 28.
When conducting a photoslectric effect experiment, a
student correctly observes that the energy of emitted
electrons depended only on the frequency of the incident
light and was independent of the intensity.
27 Explain how the partcle model accounts for this
observation.
28 Explain why the wave model cannot account for
this observation,
The following information relates to questions 29-33,
Consider the energy-level diagram for the hydrogen atom
shown below. A photon of energy 14.0 &V collided vith a
hydrogen atom in the ground state

. ¢ .
h e mey
p e resiev
p— e
. PR

29 Explain why ths collision willeject an electron from

30 Calculate the energy of the ejected electron in
electronvolts and in joules.

31 What s the momentumn of the sjected electron?

32 Determine the wavelength of the ejected electron.

33 A hydrogen atom in the ground state collides with a
100 eV photon. Describe the result of such a collsion

372 aReAsoFsTUDY182 | REVIEW QUESTIONS 373
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How do fields explain

motion and electricity?

AREA OF STUDY 1 |

Outcome 1: On completion of this unit the student should be able to analyse
gravitational, electric and magnetic fields, and use these to explain the operation of
motors and particle accelerators and the orbits of satellites.

AREA OF STUDY 2

Outcome 2: On completion of this unit the student should be able to analyse and
evaluate an electricity generation and distribution system.

AREA OF STUDY 3

Outcome 3: On completion of this unit the student should be able to investigate
motion and related energy transformations experimentally, analyse motion using
Newton’s laws of motion in one and two dimensions, and explain the motion of
objects moving at very large speeds using Einstein’s theory of special relativity.

VCE Physics Study Design extracts © VCAA (2015); reproduced by permission.






CHAPTER

1 Gravity

Gravity is, quite literally, the force that drives the universe. It was gravity that first
caused particles to coalesce into atoms, and atoms to congregate into nebulas,
planets and stars. An understanding of gravity is fundamental to understanding
the universe.

This chapter centres on Newton’s law of universal gravitation. This will be used to
predict the size of the force experienced by an object at various locations on the
Earth and other planets. It will also be used to develop the idea of a gravitational
field. Since the field concept is also used to describe other basic forces such as
electromagnetism and the strong and weak nuclear forces, this will provide an
important foundation for further study in Physics.

Key knowledge
By the end of this chapter you will have studied the physics of gravity, and will be

able to:

describe gravitation using a field model

investigate gravitational fields including directions and shapes of fields

investigate gravitational fields about a point mass with reference to:

- the direction of the field

- the use of the inverse square law to determine the magnitude of the field

- potential energy changes (qualitative) associated with a point mass moving
in the field

analyse the use of gravitational fields to accelerate mass, including

- gravitational field and gravitational force concepts: g = Gr—2 and F, =G

- potential energy changes in a uniform gravitational field: £, = mgAh

- the change in gravitational potential energy from area under a force—distance
graph and area under a field—distance graph multiplied by mass.

mimy
2

VCE Physics Study Design extracts © VCAA (2015); reproduced by permission.
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FIGURE 1.1.1 Sir Isaac Newton was one of the
most influential physicists who ever lived.

1.1 Newton’s law of universal
gravitation

In 1687, Sir Isaac Newton (see Figure 1.1.1) published a book that changed
the world. Entitled Philosophice Naturalis Prinicipia Mathematica (Mathematical
Principles of Natural Philosophy), Newton’s book (shown in Figure 1.1.2) used
a new form of mathematics now known as calculus and outlined his famous laws
of motion.

The Principia also introduced Newton’s law of universal gravitation. This was
particularly significant because, for the first time in history, it scientifically explained
the motion of the planets. This led to a change in humanity’s understanding of its
place in the universe.
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FIGURE 1.1.2 The Principia is one of the most influential books in the history of science.

UNIVERSAL GRAVITATION

Newton’s law of universal gravitation states that any two bodies in the universe
attract each other with a force that is directly proportional to the product of their
masses and inversely proportional to the square of the distance between them.

0 Mathematically, Newton's law of universal gravitation can be expressed as:

m;m;
Fo =G5

where F, is the gravitational force (N)

m, is the mass of object 1 (kg)
m, is the mass of object 2 (kg)
r is the distance between the centres of m; and m, (m)
G is the gravitational constant, 6.67 x 107! N m? kg2
The fact that r appears in the denominator of Newton’s law of universal

gravitation indicates an inverse relationship. Since ris also squared, this relationship

is known as an inverse square law. The implication is that as r increases, F,
will decrease dramatically. This law will reappear again later in the chapter when

gravitational fields are examined in detail.
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| PHYSICS IN ACTION |

Measuring the gravitational constant, G

The gravitational constant, G, was first
accurately measured by the British scientist
Henry Cavendish in 1798, over a century after
Newton’s death. Cavendish used a torsion
balance (shown in Figure 1.1.3), a device that
can measure very small twisting forces.
Cavendish’s experiment could measure forces
smaller than 1 pN (i.e. 10° N). He used this
balance to measure the force of attraction
between lead balls held a small distance apart.
Once the size of the force was known for a
given combination of masses at a known
separation distance, a value for G could be
determined.

FIGURE 1.1.3 Henry Cavendish used a torsion balance
to measure the small twisting force created by the
gravitational attraction of lead balls.

As its name suggests, the law of universal gravitation predicts that any two objects
that have mass will attract each other. However, because the value of G is so small,
the gravitational force between two everyday objects is too small to be noticed.

Worked example 1.1.1
GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS

A man with a mass of 90 kg and a woman with a mass of 75 kg have a distance
of 80 cm between their centres. Calculate the force of gravitational attraction
between them.

Thinking Working
Recall the formula for Newton’s law of Fg= G%

universal gravitation.

Identify the information required, and G=6.67x 1011 Nm? kg2
convert values into appropriate units m; =90 kg

when necessary. m,=75 kg
5=

r=80cm=080m

Substitute the values into the equation. Fo=6.67 x 10711 x 98 20725

Solve the equation. Fe=7.0x%107N

Worked example: Try yourself 1.1.1
GRAVITATIONAL ATTRACTION BETWEEN SMALL OBJECTS

Two bowling balls are sitting next to each other on a shelf so that the centres of
the balls are 60 cm apart. Ball 1 has a mass of 7.0 kg and ball 2 has a mass of
5.5 kg. Calculate the force of gravitational attraction between them.
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GRAVITATIONAL ATTRACTION BETWEEN MASSIVE

OBJECTS

Gravitational forces between everyday objects are so small (as seen in Worked
example 1.1.1) that they are hard to detect without specialised equipment and can

usually be considered to be negligible.

For the gravitational force to become significant, at least one of the objects must
have a very large mass—for example, a planet (see Figure 1.1.4).

FIGURE 1.1.4 Gravitational forces become significant when at least one of the objects has a large

mass, for example the Earth and the Moon.

Worked example 1.1.2

GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS

given the following data:
Mgy = 2.0 X 10%° kg
Meartn = 6.0 X 1024 kg
Isun—garth = 1.5 x 1011 m

Calculate the force of gravitational attraction between the Sun and the Earth

Thinking Working

Recall the formula for Newton’s law . mim;
: - F,=G—

of universal gravitation. g r

Identify the information required.

G=6.67 x 10711 N m? kg2
m; = 2.0 x 1030 kg

m, = 6.0 x 10?4 kg
r=15x101m

Substitute the values into the
equation.

2.0 x 1030 x 6.0 x 10%*
(1.5 x 1011)2

Fe=6.67 x 10711 x

Solve the equation.

F,=3.6x 102N
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Worked example: Try yourself 1.1.2
GRAVITATIONAL ATTRACTION BETWEEN MASSIVE OBJECTS

Calculate the force of gravitational attraction between the Earth and the Moon,
given the following data:

Mearn = 6.0 X 102 kg
Myioon = 7.3 X 1022 kg
'Moon-Earth = 38 x10%m

The forces in Worked example 1.1.2 are much greater than those in Worked
example 1.1.1, illustrating the difference in the gravitational force when at least one
of the objects has a very large mass.

EXTENSION

Understanding the structure of the universe

In the century before Newton, there had been some Johannes Kepler, refined the Copernican model to reflect
controversy about the structure of the universe. In 1543, actual observations.

the commonly accepted geocentric (i.e. Earth-centred) Through these calculations, Kepler discovered that the
model of the universe had been challenged by a Polish orbit of the planets around the Sun was elliptical and not
astronomer called Nicolaus Copernicus. He proposed that circular as previously thought (see Figure 1.1.6). At the

the Sun was the centre of the universe. Unfortunately, time, this discovery challenged conventional beliefs about
some faulty assumptions meant that the predictions of the ‘perfection’ of heavenly bodies, and, as a consequence,
Copernicus’ Sun-centred or heliocentric model (shown in Kepler's ideas were not widely accepted. In fact, in some

Figure 1.1.5) did not match observations any better than countries his books were banned and publicly burned.
the geocentric model. : - .

-

FIGURE 1.1.6 Johannes Kepler discovered that the orbit of planets
around the Sun was elliptical.

One of Newton’s great achievements was that he

FIGURE 1.1.5 Nicolaus Copernicus’ proposed heliocentric model of the ~ Was able to use his law of universal gravitation to
solar system. mathematically derive all of Kepler’s planetary laws.

This allowed Newton to accurately explain the motion of
The Danish astronomer Tycho Brahe had been observing  the planets in terms of gravitational attraction. Within a few

and studying the heavens for many years, accumulating years of the publication of Newton’s work, the geocentric
a comprehensive collection of data. According to Brahe's model had largely been abandoned in favour of the
documentation, his assistant, German mathematician heliocentric model.
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FIGURE 1.1.7 The Earth and Moon exert

EFFECT OF GRAVITY

According to Newton’s third law of motion, forces occur in action—reaction pairs.
An example of such a pair is shown in Figure 1.1.7. The Earth exerts a gravitational
force on the Moon and, conversely, the Moon exerts an equal and opposite force
on the Earth. Using Newton’s second law of motion, you can see that the effect
of the gravitational force of the Moon on the Earth will be much smaller than
the corresponding effect of the Earth on the Moon. This is because of the Earth’s
larger mass.

Worked example 1.1.3
ACCELERATION CAUSED BY A GRAVITATIONAL FORCE

The force of gravitational attraction between the Moon and the Earth is
approximately 2.0 x 1020 N. Calculate the acceleration of the Earth and the Moon
caused by this force. Compare these accelerations by calculating the ratio %.
Use the following data:

Meartn = 6.0 x 1024 kg

Myoon = 7.3 X 1022 kg

gravitational forces on each other. Thinking Working
Recall the formula for Newton's F=ma
second law of motion.
Transpose the equation to make a the 5= F
subject. m
Substitute values into this equation to _ 20x10% _ 5 P
find the accelerations of the Moon and | 2%t = 6.0 x 10% — 3:3 % 107 m's

PHYSICSFILE

Extrasolar planets

In recent years, scientists have been
interested in discovering whether other
stars have planets like those in our
own solar system. One of the ways in
which these ‘extrasolar planets’ (or
‘exoplanets’) can be detected is from
their gravitational effect.

When a large planet (i.e. Jupiter-sized
or larger) orbits a star, it causes the
star to wobble. This causes variations
in the star’s appearance, which can
be detected on Earth. Hundreds of
exoplanets have been discovered using
this technique.

the Earth. _20x10%

dMoon = 73 x 102 2.7 x103ms?

amoon _ 2.7 X 1073 _
3~ 33x 100 - 82

The acceleration of the Moon is

82 times greater than the acceleration
of the Earth.

Compare the two accelerations.

Worked example: Try yourself 1.1.3
ACCELERATION CAUSED BY A GRAVITATIONAL FORCE

The force of gravitational attraction between the Sun and the Earth is
approximately 3.6 x 1022 N. Calculate the acceleration of the Earth and the Sun
caused by this force. Compare these accelerations by calculating the ratio %.

Use the following data:
Meartn = 6.0 x 1024 kg
Mgy = 2.0 x 1030 kg

Gravity in the solar system

Although the accelerations caused by gravitational forces in Worked example 1.1.3
are small, over billions of years they created the motion of the solar system.

In the Earth—-Moon system, the acceleration of the Moon is many times greater
than that of the Earth, which is why the Moon orbits the Earth. Although the
Moon’s gravitational force causes a much smaller acceleration of the Earth, it does
have other significant effects, such as the tides.

Similarly, the Earth and other planets orbit the Sun because their masses are
much smaller than the Sun’s mass. However, the combined gravitational effect of
the planets of the solar system (and Jupiter in particular) causes the Sun to wobble
slightly as the planets orbit it.
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WEIGHT AND GRAVITATIONAL FORCE

In Unit 2 Physics the weight of an object was calculated using the formula
W = F, = mg. Weight is another name for the gravitational force acting on an
object near the Earth’s surface.

Worked example 1.1.4 below shows that the formula F, = mg and Newton’s
law of universal gravitation give the same answer for the gravitational force acting
on objects on the Earth’s surface. It is important to note that the distance used in
these calculations is the distance between the centres of the two objects, which is
effectively the radius of the Earth.

Worked example 1.1.4
GRAVITATIONAL FORCE AND WEIGHT

Compare the weight of an 80 kg person calculated using F, = mg with the
o . _ ~Amimy
gravitational force calculated using F; = G ERE

Use the following dimensions of the Earth in your calculations:

g=98ms?
Mearn = 6.0 X 1024 kg
lEarth = 6.4 x 106 m

Thinking Working

Apply the weight equation. Fg=mg
=80x%9.8
=784 N
= 780 N (to two significant figures)

Apply Newton’s law of universal _mim,

gravitation Fe=G r2

' 6.0 x 1024 x 80

= —11 5 M X U7 X SU
=6.67 x 10711 x (64 x 1057
=780 N

Compare the two values. Both equations give the same result

to two significant figures.

Worked example: Try yourself 1.1.4
GRAVITATIONAL FORCE AND WEIGHT

Compare the weight of a 1.0 kg mass on the Earth’s surface calculated using

the formulas F; = mg and F, = Gmlng. Use the following dimensions of the
r

Earth where necessary:

g=98ms?
Mearn = 6.0 X 104 kg
learth = 6.4 %X 108 m

Worked example 1.1.4 shows that the constant for the acceleration due to
gravity, g, can be derived directly from the dimensions of the Earth. An object
with mass m sitting on the surface of the Earth is a distance of 6.4 x 10° m from
the centre of the Earth.

Given that the Earth has a mass of 6.0 x 10%* kg, then:
Weight = F,

MEarth!

(”Ez\rth)2
MEarth

("Barm)?

MEarth
(rEarth)Z

=6.67 x 10711 x

mg=G
=mG
L g=G

6.0 x 10%
(6.4 x 10972

=9.8ms>
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EXTENSION

Multi-body
systems

So far, only gravitational systems
involving two objects have been
considered, such as the Moon
and the Earth. In reality, objects
experience gravitational force
from every other object around
them. Usually, most of these
forces are negligible and only the
gravitational effect of the largest
object nearby (i.e. the Earth)
needs to be considered.

When there is more than one
significant gravitational force
acting on a body, the gravitational
forces must be added together
as vectors to determine the
net gravitational force (see
Figure 1.1.8).

FIGURE 1.1.8 For the three masses

m; = m, = ms, the gravitational forces
acting on the central red ball are shown
by the green arrows. The vector sum

of the green arrows is shown by the
blue arrow. This will be the direction

of the net (or resultant) gravitational
force on the red ball due to the other
three masses.

The direction and relative
magnitude of the net gravitational
force in a multi-body system
depends entirely on the masses
and positions of the attracting
objects (i.e. m;, m, and msz in
Figure 1.1.8).

So, the rate of acceleration of objects near the surface of the Earth is a result of
the Earth’s mass and radius. A planet with a different mass and/or different radius
will therefore have a different value for g. Likewise, if an object is above the Earth’s
surface, the value of r will be greater and the value of g will be smaller (due to the
inverse square law). This is why the strength of the Earth’s gravity reduces as you
travel away from the Earth.

APPARENT WEIGHT

Scientists use the term ‘weight’ simply to mean ‘the force due to gravity’. It is
also correct to interpret weight as the contact force (or normal reaction force)
between an object and the Earth’s surface. In most situations these two definitions
are effectively the same; however there are some cases, for example when a person
is accelerating up or down in an elevator, where they give different results. In these
situations, the normal force (Fy) is referred to as the apparent weight since this is
the force that the person will feel through their feet.

Worked example 1.1.5
APPARENT WEIGHT

A 74 kg person is standing in an elevator which is accelerating upwards
at 1.5 m s2 Calculate the weight and apparent weight of the person.
Use g=9.8 ms=2

a=15m SQT

Thinking Working

F,=mg=74x98=725N

Calculate the weight of the person
using Fg = mg.

Calculate the force required to
accelerate the person upwards at

Fi=ma=74x15=111N

1.5 ms=
The net force that causes the Fet =111
acceleration results from the normal Fu—F. =111

. N g
reaction force (upwards) and the Fo_705 =111
weight force (downwards). Since the N
elevator is accelerating upwards, Fn=725+111

Fn > Fg. Recall that the normal reaction | Fy = apparent weight = 836 N
force gives the apparent weight.

Worked example: Try yourself 1.1.5
APPARENT WEIGHT

Calculate the apparent weight of a 90 kg person in an elevator which is
accelerating downwards at 0.8 m s2. Use g = 9.8 m s2.
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1.1 Review

» All objects with mass attract one another with a

gravitational force.

The gravitational force acts equally on each of
the masses.

The magnitude of the gravitational force is given
by Newton’s law of universal gravitation:

_ ~mim;
Fe=€ 2

Gravitational forces are usually negligible unless
one of the objects is massive, e.g. a planet.

KEY QUESTIONS

1

What are the proportionalities in Newton’s law of

universal gravitation?

What does the symbol r represent in Newton’s law of

universal gravitation?

Calculate the force of gravitational attraction between

the Sun and Mars given the following data:

Mgun = 2.0 x 1030 kg

Myiars = 6.4 x 1023 kg

IsunMars = 2.2 X 1011 m

The force of gravitational attraction between the Sun

and Mars is 1.8 x 102! N. Calculate the acceleration

of Mars given that my,,s = 6.4 x 1023 kg.

On 14 April 2014, Mars came within 93 million km

of Earth. Its gravitational effect on the Earth was

the strongest it had been for over 6 years. Use the

following data to answer the questions below.

Mgun = 2.0 x 1030 kg

Meartn = 6.0 X 1024 kg

Myiars = 6.4 x 1023 kg

a Calculate the gravitational force between the Earth
and Mars on 14 April 2014.

b Calculate the force of the Sun on the Earth if the
distance between them was 153 million km.

¢ Compare your answers to parts (a) and (b) above
by expressing the Mars—Earth force as a percentage
of the Sun-Earth force.

10

The weight of an object on the Earth’s surface is
due to the gravitational attraction of the Earth,
i.e. weight = F.

The acceleration due to gravity of an object near
the Earth’s surface can be calculated using the
dimensions of the Earth:
g=G(rrnE:ﬁt)hz=9.8mS‘2

Objects can have an apparent weight that is
greater or less than their normal weight. This
occurs when they are accelerating vertically.

The acceleration of the Moon caused by the
gravitational force of the Earth is much larger than
the acceleration of the Earth due to the gravitational
force of the Moon. What is the reason for this?

Calculate the acceleration of an object dropped near
the surface of Mercury if this planet has a mass of
3.3 x 102 kg and a radius of 2500 km. Assume that
the gravitational acceleration on Mercury can be
calculated similarly to that on Earth.

Calculate the weight of a 65 kg cosmonaut standing
on the surface of Mars, given that the planet has a
mass of 6.4 x 1023 kg and a radius of 3.4 x 10° m.

In your own words, explain the difference between the
terms weight and apparent weight, giving an example
of a situation where the magnitudes of these two
forces would be different.

Calculate the apparent weight of a 50 kg person in
an elevator under the following circumstances.

a accelerating upwards at 1.2 m s2

b moving upwards at a constant speed of 5 m s!

CHAPTER 1 | GRAVITY
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FIGURE 1.2.1 The solar system is a complex
gravitational system.

1.2 Gravitational fields

Newton’s law of universal gravitation describes the force acting between two
mutually attracting bodies. In reality, complex systems like the solar system involve
a number of objects (i.e. the Sun and planets shown in Figure 1.2.1) that are all
exerting attractive forces on each other at the same time.

In the 18th century, to simplify the process of calculating the effect of
simultaneous gravitational forces, scientists developed a mental construct known as
the gravitational field. In the following centuries, the idea of a field was also applied
to other forces and has become a very important concept in physics.

o L
a”

GRAVITATIONAL FIELDS

A gravitational field is a region in which a gravitational force is exerted on all
matter within that region. Every physical object has an accompanying gravitational
field. For example, the space around your body contains a gravitational field
because any other object that comes into this region will experience a (small) force
of gravitational attraction to your body.

The gravitational field around a large object like a planet is much more
significant than that around a small object. The Earth’s gravitational field exerts
a significant influence on objects on its surface and even up to thousands of
kilometres into space.
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| PHYSICS IN ACTION |

Discovery of Neptune

FIGURE 1.2.2 This star chart published in 1846 shows the location
of Neptune in the constellation Aquarius when it was discovered on
23 September, and its location one week later.

The planet Neptune was discovered through its known planets. Both suggested that this was due to the
gravitational effect on other planets. Two astronomers, influence of a distant, undiscovered planet.
Urbain Le Verrier of France and John Couch Adams of Le Verrier sent a prediction of the location of the new

England, each independently identified that the observed planet to Gottfried Galle at the Berlin Observatory and, on
orbit of Uranus varied significantly from predictions made 23 September 1846, Neptune was discovered within 1° of
based on the gravitational effects of the Sun and other Le Verrier's prediction (see Figure 1.2.2).

Representing gravitational fields

Over time, scientists have developed a commonly understood method of
representing fields using a series of arrows known as field lines (see Figure 1.2.3). N
For gravitational fields, these are constructed as follows: .

,
- — -
N

* the direction of the arrowhead indicates the direction of the gravitational force N
* the space between the arrows indicates the relative magnitude of the field:
- closely spaced arrows indicate a strong field
- widely spaced arrows indicate a weaker field
- parallel field lines indicate constant or uniform field strength. .
An infinite number of field lines could be drawn, so only a few are chosen to 7
represent the rest. The size of the gravitational force acting on a mass in the region -

of a gravitational field is determined by the strength of the field, and the force acts
in the direction of the field.

N
ey
,

FIGURE 1.2.3 The arrows in this gravitational
field diagram indicate that objects will be
attracted towards the mass in the centre; the
spacing of the lines shows that force will be
strongest at the surface of the central mass
and weaker further away from it.
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Worked example 1.2.1

INTERPRETING GRAVITATIONAL FIELD DIAGRAMS

The diagram below shows the gravitational field of a moon.

.- —————

A

A and B.

a Use arrows to indicate the direction of the gravitational force acting at points

Thinking

Working

The direction of the field arrows indicates
the direction of the gravitational force,
which is inwards towards the centre of
the moon.

[ R —

A

b Indicate the relative strength of the gravi

tational field at each point.

Thinking

Working

The closer the field lines, the stronger the
force. The field lines are closer together
at point A than they are at point B, as
point A is closer to the moon.

The field is stronger at point A than
at point B.

Worked example: Try yourself 1.2.1

INTERPRETING GRAVITATIONAL FIELD DIAGRAMS

The diagram below shows the gravitational field of a planet.

oA

\l

R

A, B and C.

a Use arrows to indicate the direction of the gravitational force acting at points

b Indicate the relative strength of the gravitational field at each point.
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GRAVITATIONAL FIELD STRENGTH

In theory, gravitational fields extend infinitely out into space. However, since
the magnitude of the gravitational force decreases with the square of distance,
eventually these fields become so weak as to become negligible.

In Section 1.1, it was shown that it is possible to calculate the acceleration due to
gravity of objects near the Earth’s surface using the dimensions of the Earth:

MEarth =

£= G(’Emh)z =9.8ms”

The constant g can also be used as a measure of the strength of the gravitational
field. When understood in this way, the constant is written with the equivalent units
of N kg™! rather than m s72. This means gg,,q, = 9.8 N kg™'.

These units indicate that objects on the surface of the Earth experience 9.8 N of
gravitational force for every kilogram of their mass.

Accordingly, the familiar equation F, = mg can be transposed so that the
gravitational field strength, g, can be calculated:

F
i
where g is gravitational field strength (N kg™?)

Fg is the force due to gravity (N)

m is the mass of an object in the field (kg)

PHYSICS FILE
N kgl =ms2

It is a simple matter to show that N kg™! and m s~ are equivalent units.
From Newton's second law, F = ma, you will remember that:

IN=1kgms™
S INkgl=1kgms?xkg!
=1ms?

Worked example 1.2.2
CALCULATING GRAVITATIONAL FIELD STRENGTH

When a student hangs a 1 kg mass from a spring balance, the balance
measures a downwards force of 9.8 N.

According to this experiment, what is the gravitational field strength of the Earth
in this location?

Thinking Working
Recall the equation for gravitational _Fe
field strength. €= m
Substitute in the appropriate values. g= 9.8

1
Solve the equation. g=9.8N kg

CHAPTER 1 | GRAVITY
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FIGURE 1.2.4 As the distance from the source of
a field increases, the field is spread over an area
that increases with the square of the distance
from the source, resulting in the strength of

the field decreasing by the same ratio.

Worked example: Try yourself 1.2.2
CALCULATING GRAVITATIONAL FIELD STRENGTH

A student uses a spring balance to measure the weight of a piece of wood
as 2.5 N.

If the piece of wood is thought to have a mass of 260 g, calculate the
gravitational field strength indicated by this experiment.

F.
The formula for gravitational field strength, g = Wg, can be combined with

Newton’s law of universal gravitation, F, = G%, to develop the formula for
gravitational field strength:
Mm
5 _(65F)
= 2=t

0 Therefore:
g=G%
where g is the gravitational field strength (N kg™!)
G is the gravitational constant, 6.67 x 107! N m? kg2
M is the mass of the planet or moon (the central body; kg)

r is the radius of the planet or moon (m)

Inverse square law

The concept of a field is a very powerful tool for understanding forces that act at a
distance. It has also been applied to forces such as the electrostatic force between
charged objects and the force between two magnets.

The study of gravitational fields introduces the concept of the inverse square law.
From the point source of a field, whether it be gravitational, electric or magnetic,
the field will spread out radially in three dimensions. When the distance from the
source is doubled, the field will be spread over four times the original area.

In Figure 1.2.4, going from r to 2r to 3r, the area shown increases from one
square to four squares (2?) to nine squares (32). Using the inverse part of the
inverse square law, at a distance 2r the strength of the field will be reduced to a
quarter of that at 7, as is the force that the field would exert. At 3r from the source,
the field will be reduced to one-ninth of that at the source, and so on.

9 In terms of the gravitational field, the strength of the force varies inversely with
the distance between the objects squared:
M
r2
where F is the force and r is the distance from the source of the
gravitational field.

This is referred to as the inverse square law.

One key difference between the gravitational force and other inverse square
forces is that the gravitational force is always attractive, whereas like charges or
magnets repel one another.

Inverse square laws are an important concept in physics, not only in the study of
fields but also for other phenomena where energy is moving away from its source
in three dimensions, such as in sound and other waves.
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Variations in gravitational field strength of the Earth

The gravitational field strength of the Earth, g, is usually assigned a value of
9.81 N kg~!'. However, the field strength experienced by objects on the surface of PHYSICSFILE
the Earth can actually vary between 9.76 N kg™!' and 9.83 N kg™, depending on The shape of the Earth

1 ion.
the location The shape of the Earth is known as an

oblate spheroid (see Figure 1.2.5).
PHYSICSFILE Mathematically, this is the shape that's
Variations in gravitational field strength made when an ellipse is rotated around

The Earth’s gravitational field strength is not the same at every point on the Earth’s its minor axis. The diameter of the
surface. As the Earth is not a perfect sphere, objects near the equator are slightly Earth between the North and South
further from the centre of the Earth than objects at the poles. This means that the poles is approximately 40 km shorter
Earth’s gravitational field is slightly stronger at the poles than at the equator. than its diameter at the equator.
North Pole

Geological formations can also create differences in gravitational field strength, ez~~~ ""~-~-1-"-
depending on their composition. Geologists use a sensitive instrument known as a
gravimeter (sce Figure 1.2.6) that detects small local variations in gravitational
field strength to indicate underground features. Rocks with above-average density,
such as those containing mineral ores, create slightly stronger gravitational fields,
whereas less-dense sedimentary rocks produce weaker fields.

polar diameter
12714 km

South Pole

equatorial diameter

12756 km

FIGURE 1.2.5 The Earth is a flattened
sphere, which means its gravitational field
is slightly stronger at the poles.

FIGURE 1.2.6 A gravimeter can be used to measure the strength of the local gravitational field.

If the surface of the Earth is considered a flat surface as it appears in everyday
life, then the gravitational field lines are approximately parallel, indicating a uniform
field (see Figure 1.2.7).

FIGURE 1.2.7 The uniform gravitational field, g, is represented by evenly spaced parallel lines in the
direction of the force.
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FIGURE 1.2.8 The Earth’s gravitational field

becomes progressively weaker out into space.

- ol
36 000 km "\\\ ¢=022Nkg'

6400 km - g =2.5 Nkg'

1000 km - g =7.3 Nkg!

400 km - g =8.7 Nkg™!
surface | g =9.8 N kg™

FIGURE 1.2.9 The Earth’s gravitational field
strength is weaker at higher altitudes.

However, when the Earth is viewed from a distance as a sphere, it becomes
clear that the Earth’s gravitational field is not uniform at all (see Figure 1.2.8).
The increasing distance between the field lines indicates that the field becomes
progressively weaker out into space.

This is because gravitational field strength, like gravitational force, is governed
by the inverse square law:

MEarth

8= Ol

The gravitational field strength at different altitudes can be calculated by adding
the altitude to the radius of the Earth to calculate the distance of the object from
Earth’s centre (see Figures 1.2.9 and 1.2.10).

¢INke'!]
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FIGURE 1.2.10 As the distance from the surface of the Earth is increased from O to 40 x 106 m, the
value for g decreases rapidly from 9.8 N kg™!, according to the inverse square law. The blue line on
the graph gives the value of g at various altitudes (h).

(] GMeary

g= (Feantn + altitude)?

Worked example 1.2.3
CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES

| Calculate the strength of the Earth’s gravitational field at the top of Mt Everest
using the following data:

learth = 6.38 x 10° m
Meartn = 5.97 % 1024 kg
height of Mt Everest = 8850 m

Thinking Working

Recall the formula for gravitational g= Ger

field strength.

Add the height of Mt Everest to the r=6.38x 10%+ 8850 m
radius of the Earth. =6.389 x 10°m

Substitute the values into the formula. | g = GrM2
=6.67 x 10711 x
=9.76 N kg!

5.97 x 10
(6.389 x 10%)?
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Worked example: Try yourself 1.2.3
CALCULATING GRAVITATIONAL FIELD STRENGTH AT DIFFERENT ALTITUDES

Commercial airlines typically fly at an altitude of 11000 m. Calculate the
gravitational field strength of the Earth at this height using the following data:

Fearn = 6.38 X 106 m
Mearn = 5.97 X 102 kg

Gravitational field strengths of other planets

The gravitational field strength on the surface of the Moon is much less than on

Earth, at approximately 1.6 N kg™!. This is because the Moon’s mass is smaller than
the Earth’s.

The formula g = GAr—g can be used to calculate the gravitational field strength on
the surface of any astronomical object, such as Mars (see Figure 1.2.11).

Worked example 1.2.4
GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON

Calculate the strength of the gravitational field on the surface of the Moon given
that the Moon’s mass is 7.35 x 10?2 kg and its radius is 1740 km.
Give your answer correct to two significant figures.
Thinking Working
Recall the formula for gravitational g= ef—f
field strength.
Convert the Moon’s radius to m. r=1740 km
= 1740 x 1000 m
=174 x10%m
Substitute values into the formula. g= Glr—\g
_ 1. 7.35%x102%
6.67 x 107! x (174 x 1097
=1.6 N kg!

Worked example: Try yourself 1.2.4
GRAVITATIONAL FIELD STRENGTH ON ANOTHER PLANET OR MOON

Calculate the strength of the gravitational field on the surface of Mars.
Myars = 6.42 x 1023 kg

Mviars = 3390 km

Give your answer correct to two significant figures.

PHYSICSFILE

Moon walking

Walking is a process of repeatedly stopping yourself from falling
over. When astronauts first tried to walk on the Moon, they found
that they fell too slowly to walk easily. Instead, they invented a
kind of shuffling jump that was a much quicker way of moving
around in the Moon'’s weak gravitational field. This type of ‘moon
walk’ should not be confused with the famous dance move of the
same name!

FIGURE 1.2.12 Astronauts had to invent a new way of

walking to deal with the Moon's weak gravitational field.

FIGURE 1.2.11 The gravitational field strength on
the surface of Mars (shown here) is different to
the gravitational field strength on the surface of
the Earth, which, in turn, is different from that
on the Moon.
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1.2 Review

» A gravitational field is a region in which a
gravitational force is exerted on all matter within
that region.

» A gravitational field can be represented by a
gravitational field diagram:

- The arrowheads indicate the direction of the
gravitational force.

- The spacing of the lines indicates the relative
strength of the field. The closer the line spacing,
the stronger the field.

KEY QUESTIONS

Give the most appropriate unit for measuring
gravitational field strength.

A group of students use a spring balance to measure
the weight of a 150 g set of slotted masses to be

1.4 N. According to this measurement, what is the
gravitational field strength in their classroom?

A gravitational field, g, is measured as 5.5 N kg! at
a distance of 400 km from the centre of a planet.
The distance from the centre of the planet is then
increased to 1200 km. What would the ratio of the
magnitude of the gravitational field be at this new
distance compared to the original measurement?
Different types of satellite have different types of
orbit, as shown in the table below. Calculate the
strength of the Earth’s gravitational field in each orbit.
Iearth = 6380 km

Meartn = 5.97 x 1024 kg

|| Type of orbit Altitude (km)

a low Earth orbit 2000
b medium Earth orbit 10000
¢ semi-synchronous orbit 20200
d geosynchronous orbit 35786

On 12 November 2014, the Rosetta spacecraft landed
a probe on the comet 67P/Churyumov-Gerasimenko.
Assuming this comet is a roughly spherical object

with a mass of 1 x 1013 kg and a diameter of 1.8 km,
calculate the gravitational field strength on its surface.

AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?

The strength of a gravitational field can be
calculated using the following formulas:

P M
g=org= Gr—2
The gravitational field strength on the Earth’s
surface is approximately 9.8 N kgL. This varies
from location to location and with altitude.
The gravitational field strength on the surface of

any other planet depends on the mass and radius
of the planet.

6 The masses and radii of three planets are given in the

following table.

et | Mass i) | Radus )|

Mercury 3.30 x 10% 2.44 x 108
Saturn 5.69 x 10°6 6.03 x 107
Jupiter 1.90 x 10?7 7.15 x 107

Calculate the gravitational field strength, g, at the
surface of each planet.

There are bodies outside our solar system, such as
neutron stars, that produce very large gravitational
fields. A typical neutron star can have a mass of

3.0 x 1039 kg and a radius of just 10 km. Calculate
the gravitational field strength at the surface of such
a star.

A newly discovered solid planet located in a distant
solar system is found to be distinctly non-spherical in
shape. Its polar radius is 5000 km, and its equatorial
radius is 6000 km.

The gravitational field strength at the poles is

8.0 N kg~1. How would the gravitational field strength
at the poles compare with the strength at the equator?

There is a point between the Earth and the Moon
where the total gravitational field is zero. The
significance of this is that returning lunar missions
are able to return to Earth under the influence of the
Earth’s gravitational field once they pass this point.
Given that the mass of Earth is 6.0 x1024 kg, the mass
of the Moon is 7.3 x1022 kg and the radius of the
Moon's orbit is 3.8 x108 m, calculate the distance of
this point from the centre of the Earth.

An astronaut travels away from Earth to a region in
space where the gravitational force due to Earth is
only 1.0% of that at Earth’s surface. What distance,
in Earth radii, is the astronaut from the centre of
the Earth?



1.3 Work in a gravitational field

The concept of gravitational potential energy should be familiar to you from Unit 2
Physics. However, the nature of a gravitational field means that a more sophisticated
understanding of gravitational potential energy is needed when considering the
motion of objects like rockets or satellites (see Figure 1.3.1).

REVISITING WORK AND CONSERVATION OF ENERGY

The gravitational potential energy of an object, L, is directly proportional to
the mass of the object, m, its height above the surface of the planet, A%, and the

strength of the gravitational field, g. So:

€ £,=merh
where E, is the gravitational potential energy of an object (J)
m is the mass of the object (kg)

g is the gravitational field strength (N kg™'; 9.8 N kg™ near the surface
of the Earth)

Ah is the height of the object above a reference point (m)

The formula for gravitational potential energy is developed from the work—
energy theorem, which assumes that work done against the force of gravity is

converted into potential energy:
€ 2e=w=Fs
where AE is the change in gravitational potential energy (J)
W is the work done (J)
F is the force of gravity (N)

s is the distance moved in the gravitational field (m)
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Worked example 1.3.1
WORK DONE FOR A CHANGE IN GRAVITATIONAL POTENTIAL ENERGY

A mountaineer climbs from a height of 700 m above sea level to the top of
Mount Everest, which is 8848 m above sea level.

The total mass of the mountaineer (with equipment) is 100 kg. Assuming
that the gravitational field strength of the Earth (g) is 9.8 N kg, calculate the
amount of work done (in MJ) by the mountaineer in climbing to the summit
of the mountain.

Thinking Working
Calculate the change in height. Ah = 8848 - 700
=8148 m
Substitute appropriate values into E; = mghh
E;, = mgAh. Remember to give your =100 x 9.8 x 8148
answer in MJ to two significant figures. = 7985040 J
=80 MJ

The work done by the mountaineer is W= AE=8.0MJ
equal to the change in gravitational
potential energy.

Worked example: Try yourself 1.3.1
WORK DONE FOR A CHANGE IN GRAVITATIONAL POTENTIAL ENERGY

Calculate the work done (in MJ) to lift a weather satellite of 3.2 tonnes from the
Earth’s surface to the limit of the atmosphere, which ends at the Karman line
(exactly 100 km up from the surface of the Earth). Assume g = 9.8 N kg™

Interplay between gravitational, kinetic and
mechanical energy

Gravitational potential energy calculations are important because, when combined
with the concepts of kinetic energy and conservation of mechanical energy, they
allow the speed of a falling object to be determined.

Accordingly, we can define kinetic energy by the following equation:

0 Ek = %mv2

where E, is the kinetic energy of an object (J)
m is the mass of the object (kg)

v is the speed of the object (m s™)
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Worked example 1.3.2
SPEED OF A FALLING OBJECT

In a unique demonstration of Galileo’s famous experiment, Apollo 15 astronaut
Dave Scott simultaneously dropped a hammer and a feather while standing on
the surface of the Moon (see Figure 1.3.2).

FIGURE 1.3.2 Astronaut Dave Scott dropping a hammer and feather on the Moon.

If the gravitational field strength on the Moon is 1.6 N kg~!, the hammer had a
mass of 450 g and it was dropped from a height of 1.4 m, calculate the speed
of the hammer as it hit the Moon’s surface.

Thinking Working

Calculate the gravitational potential energy | E; = mgAh

of the hammer on the Moon. Change the =045x16x14
units of measurement when necessary. =10J

Assume that when the hammer hit the Ex=E,=1.0J
surface of the Moon, all of its gravitational

potential energy had been converted into

kinetic energy.

Use the definition of kinetic energy to E, = %mvz

calculate the speed of the hammer as it

hit the ground. 10 = % x 0.45 x v2

1.0x2
0.45

v=2.1ms"

:V2

Worked example: Try yourself 1.3.2
SPEED OF A FALLING OBJECT

Calculate how fast a 450 g hammer would be going as it hit the ground if it were
dropped from a height of 1.4 m on Earth, where g = 9.8 N kg1

Work in a non-constant gravitational field

The formula E, = mgAh is developed assuming that work is done against a constant
force of gravity: AE = W = Fs. While this assumption holds true for objects close
to the surface of a planet, it is not adequate for objects like satellites that move
to altitudes at which the gravitational field of the planet becomes significantly
diminished.
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FIGURE 1.3.3 The Earth’s gravitational field
extends out into space, and the field is
strongest close to the Earth where the lines
are closer together.
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FIGURE 1.3.5 The gravitational force acting on

a 10 kg meteor at different distances from the
Earth. The shaded region represents the work
done by the gravitational field as the body
moves between 2.0 x 10’ mand 1.0 x 10’ m
from the centre of the Earth.

Newton’s law of universal gravitation indicates that the strength of the Earth’s
gravitational field changes with altitude: the field is stronger close to the ground and
weaker at high altitudes (see Figure 1.3.3).

Consider the example of a 10 kg meteor falling towards the Earth from deep
space as shown in Figure 1.3.4. Closer to the Earth, the meteor moves through
regions of increasing gravitational field strength. So the gravitational force, F, on the
meteor increases as it approaches Earth. Since the force is not constant, this means
that the work done on the meteor (which corresponds to its change in gravitational
potential energy) cannot be found by simply multiplying the gravitational force by
the distance travelled.

FIGURE 1.3.4 As a meteor approaches Earth, it moves through an increasingly stronger gravitational
field and so is acted upon by a greater gravitational force.

Using the force—distance graph

When a free-falling body, like the meteor in Figure 1.3.4, is acted upon by a varying
gravitational force, the energy changes of the body can be analysed by using a
gravitational force—distance graph. As with other force—distance graphs, the area
under the graph is equal to the work done, i.e. the energy change of the body. The
area under the graph has units of newton metres (N m), which are equivalent to
joules (]).

0 The area under a gravitational force—distance graph gives the change in energy
that an object will experience as it moves through the gravitational field.

The shaded area in Figure 1.3.5 represents the decrease in gravitational potential
energy of the 10 kg meteor as it falls from a distance of 2.0 x 107 mto 1.0 x 10’ m
from the centre of the Earth. This area also represents the amount of kinetic energy
that the meteor gains as it approaches Earth.

Note that the energy change of the meteor will be the same regardless of whether
the meteor falls directly towards the planet (Figure 1.3.6(a)) or follows a more
indirect path (Figure 1.3.6(b)).

(b) eI

FIGURE 1.3.6 The shaded region on the gravitational force—distance graph in Figure 1.3.5 could
represent the change in energy in the free-fall situations in either (a) or (b).

Worked example 1.3.3 shows how a force—distance graph can be used to
determine the change in gravitational potential energy of a meteor.
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Worked example 1.3.3

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING A
FORCE-DISTANCE GRAPH

A 10 kg meteor falls from a distance of 2.0 x 107 m to 1.0 x 107 m from
the centre of the Earth. Use the graph below to determine the change in
gravitational potential energy of the meteor.

100 ‘E_--

98 N \

~ 80

é ' rE = 6.4 X 106 m

N : /

8 '

S 60 T :

© .

c '

o :

ST 7N area= energy change (J)

S 20 '

0 1.0 2.0 3.0 40
Distance from centre of Earth (x 107 m)

Thinking Working
Count the number of shaded squares. Number of shaded squares = 2

(In this example, count the partially
shaded squares as half squares.)

Calculate the area (energy value) of Esquare = 0.5 x 107 x 20
each square. =1x 108

To calculate the energy change, AEg =2 x (1 x 108)
multiply the number of shaded squares =2 x 108 J

by the energy value of each square.

Worked example: Try yourself 1.3.3

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING A
FORCE-DISTANCE GRAPH

A 500 kg lump of space junk is plummeting towards the Moon. The Moon has a
radius of 1.7 x 10° m. Using the force-distance graph, determine the decrease
in gravitational potential energy of the junk as it falls to the Moon’s surface.

A

m =500 kg
y=250ms!

900

600

300

Gravitational force
on space junk (N)

2.0 .
1.7 2.7

Distance from centre
of Moon (x 108 m)
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Using a force-distance graph in a constant field

A force—distance graph can also be used to calculate the change in gravitational
potential energy of an object falling in a uniform gravitational field. Consider the
graph in Figure 1.3.7 of a 10 kg rock that falls from a height of 40 m to 10 m.

A
120

100

98 N

80

60

Gravitational force (N)

40

20

0 10 20 30 40 50
Distance (m)

FIGURE 1.3.7 In a uniform field, the gravitational force—distance graph is a horizontal line.

The area under the graph in Figure 1.3.7 is 98 N x 30 m = 294 J, which is exactly
what would have been calculated using the formula E; = mgAh. Therefore, it is more
convenient to use the formula in uniform field situations.

USING THE GRAVITATIONAL FIELD STRENGTH-DISTANCE
GRAPH

The change in gravitational potential energy of an object can also be calculated using
a graph of the gravitational field strength of an object, as shown in Figure 1.3.8.
The area under a gravitational field strength—distance graph gives a quantity
that has units of N kg™' x m, which is equivalent to J kg™!, so the area indicates the
change in energy for each kilogram of the object’s mass. To find the work done or

energy change (J), the area (J kg™!) must therefore be multiplied by the mass (kg)
of the object.

g (Nkg")

area = energy change 6 The area under a gravitational field—distance graph gives the energy change
per kg Jkg") per kilogram of mass. To find the change in energy, the area must be multiplied
by the mass of the object in kg.

Distance (m)

FIGURE 1.3.8 A graph of gravitational field
strength—distance can also be used to analyse
the energy changes of a body moving through
a gravitational field.
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Worked example 1.3.4

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING A GRAVITATIONAL
FIELD STRENGTH-DISTANCE GRAPH

A wayward satellite of mass 1500 kg has developed a highly elliptical orbit
around the Earth. At its closest approach (perigee), it is just 500 km above the
Earth’s surface. Its furthest point (apogee) is 3000 km from the Earth’s surface.
Using the graph of the gravitational field strength of the Earth shown below,
determine the approximate change in the gravitational potential energy of the
satellite as it orbits. (Note: the radius of the Earth is 6400 km.)

A
12.0

10.0

8.0

Gravitational field strength (N kg™)
o)}
o
1

4.0
2.0
0.0
60 ! 7.0 8.0 9.0 10.0
" Distance from centre of the Earth (x 10° m)
Thinking Working

Count the number of shaded squares. | Number of shaded squares = 82
Only count squares that are at least
509% shaded.

Calculate the energy value of each Esquare = 0.2 X 106 m x 1 N kg
square. =2 x 105 J kg'!

To calculate the energy change, AE, =82 x (2 x 10%) x 1500
multiply the number of shaded =25x%x 1010

squares by the energy value of each
square and the mass of the satellite.

Worked example: Try yourself 1.3.4

CHANGE IN GRAVITATIONAL POTENTIAL ENERGY USING A GRAVITATIONAL
FIELD STRENGTH-DISTANCE GRAPH

A 3000 kg Soyuz rocket moves from an orbital height of 300 km above the
Earth’s surface to dock with the International Space Station at a height of
500 km. Use the graph of the gravitational field strength of the Earth below
to determine the approximate change in the gravitational potential energy of
the rocket.
11.0 L
10.0 ‘
9.0 :
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Gravitational field strength (N kg™)

T T T T T T
0 50 100 150 200 250 300 350 400 450 500 550 600
Altitude (km)
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1.3 Review

» The principles of work and conservation of energy » The strength of the Earth’s gravitational field
are useful for understanding gravitational potential decreases as altitude increases.
energy. This includes the following formulas: « The area under a gravitational force—distance
W=Fs graph gives the change in kinetic energy or
W= AE change in gravitational potential energy of
£ = r a body, and indicates the work done by the
k= omv

gravitational field.
» The gravitational potential energy formula

E; = mgAh assumes that the Earth’s gravitational
field is constant. This is approximately true for
objects that are within a few kilometres of the
Earth’s surface.

KEY QUESTIONS

» The area under a gravitational field—distance
graph gives the change in energy per kilogram
(J kg!) of the object. To calculate the energy
change, the area is multiplied by the mass (kg).

1 Which one of the following statements is correct? 2 How does the gravitational field strength of the Earth
A satellite in a stable circular orbit around the Earth change from point A to point D?
will have: 3 How will the acceleration of the meteor change as it
A varying potential energy as it orbits travels along the path shown?
B varying kinetic energy as it orbits 4 Which one or more of the following statements is
C constant kinetic energy and constant potential correct?
energy A The kinetic energy of the meteor increases as it
The following information applies to questions 2—4. travels from A to D.
Ignore air resistance when answering these questions. B The gravitational potential energy of the meteor
The path of a meteor plunging towards the Earth is decreases as it travels from A to D.
as shown. C The total energy of the meteor remains constant.

D The total energy of the meteor increases.

5 The Saturn V rocket that took the first astronauts to
the Moon had a mass of 3000 tonnes. Its Stage |
rockets fired for 6 minutes and took the rocket to an
altitude of 67 km. How much work did the Stage |
rockets do in this time?

6 The Valles Marineris on Mars is one of the most
spectacular land formations in the solar system: a
gigantic canyon 4000 km long, 200 km wide and
7 km deep. If a Martian explorer were to drop a 400 g
rock from the edge of the canyon to its floor 7000 m
below, how fast would the rock be going when it hit
the bottom? The gravitational field strength on Mars
is weaker than on Earth: 6.1 N kg1,
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The following information applies to questions 7-9.
The graph shows the force on a mass of 1.0 kg as a
function of its distance from the centre of the Earth.

Force (N)

A
104

A

6.

A
W
th
a

b

T T T
0 7.0 8.0 9.0
Distance from the centre of the Earth (x 106 m)

10.0

Use the graph to determine the gravitational force
between the Earth and a 1.0 kg mass 100 km
above the Earth’s surface.

Use the graph to determine the height above the
Earth’s surface at which a 1.0 kg mass would
experience a gravitational force of 5.0 N.

meteor of mass 1.0 kg is speeding towards the Earth.

hen this meteor is at a distance of 9.5 x 10 m from
e centre of the planet, its speed is 4.0 km s™1.
Determine the kinetic energy of the meteor when it
is 9.5 x 10 m from the centre of the Earth.
Calculate the increase in kinetic energy of the
meteor as it moves from a distance of 9.5 x 10° m
from the centre of the Earth to a point that is

6.5 x 106 m from the centre.

Ignoring air resistance, what is the kinetic energy of
the meteor when it is 6.5 x 10® m from the centre
of the Earth?

How fast is the meteor travelling when it is

6.5 x 10% m from the centre of the Earth?

10

A communications satellite of mass 240 kg is

launched from a space shuttle that is in orbit 600 km
above the Earth’s surface. The satellite travels directly

away from the Earth and reaches a maximum
distance of 8000 km from the centre of the Earth
before stopping due to the influence of the Earth’s
gravitational field.

Use the graph to estimate the kinetic energy of this
satellite as it was launched.

A 20 tonne remote-sensing satellite is in a circular
orbit around the Earth at an altitude of 600 km.
The satellite is moved to a new stable orbit with
an altitude of 2600 km. Use the following graph to
estimate the increase in the gravitational potential
energy of the satellite as it moved from its lower
orbit to its higher orbit.

A
104

Gravitational field strength (N kg?)

»
>

7.0 8.0 9.0 10.0
Distance from centre of the Earth (x 10° m)

6.0
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Chapter review

KEY TERMS

acceleration due to gravity gravitational field

altitude gravitational field strength
apparent weight gravitational force

field gravitational potential
gravimeter energy

gravitational constant inverse square law

Use Newton’s law of universal gravitation to calculate
the gravitational force acting on a person with a mass
of 75 kg. Use the following data:

Mearn = 6.0 X 10%4 kg

Iearth = 6400 km

The gravitational force of attraction between

Saturn and Dione, a moon of Saturn, is equal to

2.79 x 1020 N. Calculate the orbital radius of Dione.

Use the following data:

mass of Dione = 1.05 x 102! kg

mass of Saturn = 5.69 x 1026 kg

Of all the planets in the solar system, Jupiter exerts

the largest force on the Sun: 4.2 x 1023 N. Calculate

the acceleration of the Sun due to this force, using
the following data: mg,, = 2.0 x 1030 kg.

The planet Jupiter and the Sun exert gravitational

forces on each other.

a Compare, qualitatively, the force exerted on
Jupiter by the Sun to the force exerted on the
Sun by Jupiter.

b Compare, qualitatively, the acceleration of Jupiter
caused by the Sun to the acceleration of the Sun
caused by Jupiter.

Calculate the acceleration due to gravity on the

surface of Mars if it has a mass of 6.4 x 1023 kg

and a radius of 3400 km.

Calculate the apparent weight of a 50 kg person in

an elevator under the following circumstances.

a accelerating downwards at 0.6 m s2

b moving downwards at a constant speed of 2 m s-!

A comet of mass 1000 kg is plummeting towards

Jupiter. Jupiter has a mass of 1.90 x 10?7 kg and a

planetary radius of 7.15 x 107 m. If the comet is about

to crash into Jupiter, calculate the:

a magnitude of the gravitational force that Jupiter

exerts on the comet

magnitude of the gravitational force that the comet

exerts on Jupiter

acceleration of the comet towards Jupiter

acceleration of Jupiter towards the comet.
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Newton’s law of universal
gravitation

normal reaction force

torsion balance

uniform

weight

8 A person standing on the surface of the Earth
experiences a gravitational force of 900 N. What
gravitational force will this person experience at a
height of two Earth radii above the Earth’s surface?
A 900N

B 450 N

C zero

D 100N

During a space mission, an astronaut of mass 80 kg
initially accelerates at 30 m s upwards, then travels
in a stable circular orbit at an altitude where the
gravitational field strength is 8.2 N kgl

a What is the apparent weight of the astronaut during
lift-off?

A zero

B 780 N

C 2400 N

D 3200 N

During the lift-off phase, the astronaut will feel:

A lighter than usual

B heavier than usual

C the same as usual

The true weight of the astronaut during the lift-off
phase is:

A lower than usual

B greater than usual

C the same as usual

During the orbit phase, the apparent weight of the
astronaut is:

A zero

B 780 N

C 2400 N

D 660 N

During the orbit phase, the true weight of the
astronaut is:

A zero

B 780 N

C 2400 N

D 660 N

What are the main steps to follow when drawing
gravitational field lines?

10



11 A set of bathroom scales is calibrated so that when
the person standing on it has a weight of 600 N, the
scales read 61.5 kg. What gravitational field strength
has been assumed in this setting?

12 The Earth is a flattened sphere. Its radius at the poles
is 6357 km compared to 6378 km at the equator.
The Earth’s mass is 5.97 x 1024 kg.

a Calculate the Earth’s gravitational field strength at
the equator.

b Using the information in part (a), calculate how
much stronger the gravitational field would be at
the North Pole compared with the equator. Give
your answer as a percentage of the strength at
the equator.

13 Neptune has a planetary radius of 2.48 x 10’ m and
a mass of 1.02 x 1026 kg.

a Calculate the gravitational field strength on the
surface of Neptune.

b A 250 kg lump of ice is falling directly towards
Neptune. What is its acceleration as it nears the
surface of Neptune? Ignore any drag effects.

A 98 ms2
B zero

C 11 ms?
D 1.6 ms?

14 Two stars of masses M and m are in orbit around
each other. As shown in the following diagram, they
are a distance R apart. A spacecraft located at point
X experiences zero net gravitational force from these
stars. Calculate the value of the ratio %

y
|

/

e i
\__

15 A 20 kg rock is speeding towards Mercury. The
following graph shows the force on the rock as a
function of its distance from the centre of the planet.
The radius of Mercury is 2.4 x 106 m.
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When the rock is 3.0 x 106 m from the centre of the
planet, its speed is estimated at 1.0 km s™L. Using the
graph, estimate the:
a increase in kinetic energy of the rock as it moves
to a point that is just 2.5 x 10® m from the centre
of Mercury
kinetic energy of the rock at this closer point
speed of the rock at this point

d gravitational field strength at 2.5 x 106 m from

the centre of Mercury.

The following information relates to questions 16-20.
The diagram shows the gravitational field and distance
near the Earth. A wayward satellite of mass 1000 kg is
drifting towards the Earth.
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Height above Earth’s surface (x 10° m)

16 What is the gravitational field strength at an altitude
of 300 km?

17 Which of the following units is associated with the area
under this graph?

AJ

B ms?
ClJs

D Jkg'!

18 Which one of the following quantities is represented
by the shaded area on the graph? (Ignore air
resistance.)

A the kinetic energy per kilogram of the satellite at an
altitude of 600 km

B the loss in gravitational potential energy of the
satellite

C the loss in gravitational potential energy per kilogram
of the satellite as it falls to the Earth’s surface

D the increase in gravitational potential energy of the
satellite as it falls to the Earth’s surface

19 How much kinetic energy does the satellite gain as it
travels from an altitude of 600 km to an altitude of
200 km?

20 In reality, would the satellite gain the amount of kinetic
energy that you have calculated in Question 197
Explain your answer.
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CHAPTER

Electric and
magnetic fields

In 1820, Hans Christian Oersted discovered that an electric current could produce a
magnetic field. His work established the initial ideas behind electromagnetism. Since
then, our understanding and application of electromagnetism has developed to the
extent that much of our modern way of living relies upon it.

In this chapter you will investigate electric and magnetic fields, the concepts that apply
to each, and some of the interactions between these closely related phenomena.

Key knowledge

By the end of this chapter you will have studied the physics of electric and magnetic
fields, and will be able to:

+ describe magnetism and electricity using a field model

* investigate and compare theoretically and practically gravitational, magnetic and
electric fields, including directions and shapes of fields, attractive and repulsive fields,
and the existence of dipoles and monopoles
investigate and compare electrical fields about a point charge (positive or negative)
with reference to:
- the direction of the field
- the shape of the field
- the use of the inverse square law to determine the magnitude of the field
- potential energy changes (qualitative) associated with a point charge moving

in the field

investigate and apply theoretically and practically a vector field model to magnetic
phenomena, including shapes and directions of fields produced by bar magnets and
by current-carrying wires, loops and solenoids
identify fields as static or changing, and as uniform or non-uniform

analyse the use of an electric field to accelerate a charge, including:

- electric field and electric force concepts: E = kr% and F= k%

- potential energy changes in a uniform electric field: W =gV and E = g
- the magnitude of the force on a charged particle due to a uniform electric field: F = gE
analyse the use of a magnetic field to change the path of a charged particle, including:
- the magnitude and direction of the force applied to an electron beam by a magnetic
field: F = qvB, in cases where the directions of v and B are perpendicular or parallel
describe the interaction of two fields, allowing that electric charges, magnetic poles
and current carrying conductors can either attract or repel, whereas masses only
attract each other
investigate and analyse theoretically and practically the force on a current-carrying
conductor due to an external magnetic field, F = n/IB, where the directions of / and B
are either perpendicular or parallel to each other.

VCE Physics Study Design extracts © VCAA (2015); reproduced by permission.




FIGURE 2.1.1 Charged plasma follows lines of
the electric field produced by a Van de Graaff
generator.

FIGURE 2.1.2 The gravitational field of the
Earth applies a force on the skydiver, while
the gravitational field of the skydiver exerts
a force on the Earth.

FIGURE 2.1.3 The girl's hair follows the lines of
the electric field produced when she became
charged while sliding down a plastic slide.

2.1 Electric fields

A field is a region of space where objects experience a force due to a physical
property related to the field. Gravity, electricity and magnetism can all be described
by fields. In Chapter 1 ‘Gravity’, the direction, shape and strength of gravitational
fields around a mass were described. In this section the electric field will be explained.

An electric field surrounds positive and negative charges, and exerts a force on
other charges within the field. Just as a gravitational field can be represented by field
lines, so can the electric field around charged objects. This is shown in Figure 2.1.1.

ELECTRIC FIELDS

There are four fundamental forces in nature that act at a distance. That is, they can
exert a force on an object without making any physical contact with it. These are
called non-contact forces, and include the strong nuclear force, the weak nuclear
force, the electromagnetic force and the gravitational force.

In order to understand these forces, scientists use the idea of a field. A field is
a region of space around an object that has certain physical properties, such as
electric charge or mass. Another object with that physical property in the field will
experience a force without any contact between the two objects.

For example, as you saw in Chapter 1, there is a gravitational field around the
Earth due to the mass of the Earth. Any object with mass that is located within this
gravitational field experiences a force of attraction towards the Earth. According to
Newton’s third law, there is also an equal and opposite force due to gravity acting
on the Earth due to the gravitational field of the object. An example of this is shown
in Figure 2.1.2.

Similarly, any charged object has a region of space around it (an electric field)
where another charged object will experience a force. This is one aspect of the
electromagnetic force. Unlike gravity, which only exerts an attractive force, electric
fields can exert forces of attraction or repulsion.

ELECTRIC FIELD LINES

An electric field is a vector quantity, which means it has both direction and strength.

In order to visualise electric fields around charged objects you can use electric
field lines. Some field lines are already visible—for example the girl’s hair in
Figure 2.1.3 is tracing out the path of the field lines. Diagrams of field lines can also
be constructed.

Field lines are drawn with arrowheads on them indicating the direction of the
force that a small positive test charge would experience if it were placed in the
electric field. Therefore, field lines point away from positively charged objects
and towards negatively charged objects. Usually, only a few representative lines
are drawn.

o Remember: like charges repel and unlike (opposite) charges attract.

The density of field lines (how close they are together) is an indication of
the relative strength of the electric field. This is explained in more detail later in
this section.

Rules for drawing electric field lines

When drawing electric field lines (in two dimensions) around a charged object

there are a few rules that need to be followed.

e Electric field lines go from positively charged objects to negatively charged
objects.

e Electric field lines start and end at 90° to the surface, with no gap between the
lines and the surface.

¢ Field lines can never cross; if they did it would indicate that the field is in two
directions at that point, which can never happen.
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* Around small charged spheres, called point charges, the field lines radiate like
spokes on a wheel.

* Around point charges you should draw at least eight field lines: top, bottom, left,
right and another field line in between each of these.

* Between two point charges, the direction of the field at any point is the resultant
field vector determined by adding the field vectors due to each of the two
point charges.

* Between two oppositely charged parallel plates, the field lines between the
plates are evenly spaced and are drawn straight from the positive plate to the
negative plate.

* Always remember that these drawings are two-dimensional representations of a
three-dimensional field.

Figure 2.1.4 shows some examples of how to draw electric field lines.

A single positive charge +

[ Two positive
charges

A positive and a
negative charge

+ + + 4+ +++++++ + +

Parallel oppositely
charged plates

FIGURE 2.1.4 Grass seeds suspended in oil align themselves with the electric field. The diagram next
to each photo shows lines representing the electric field.

Strength of the electric field

The distance between adjacent field lines indicates the strength of the field.
Around a point charge, the field lines are closer together near the charge and get
further apart as you move further away. You can see this in the field-line diagrams
in Figure 2.1.4. Therefore, the electric field strength decreases as the distance
from a point charge increases.

A uniform electric field is established between two parallel metal plates that are
oppositely charged. The field strength is constant at all points within a uniform
electric field, so the field lines are parallel.

CHAPTER 2 | ELECTRIC AND MAGNETIC FIELDS
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FIGURE 2.1.5 The direction of the electric field
(E) indicates the direction in which a force
would act on a positive charge. A negative
charge would experience a force in the opposite
direction to the field.

FORCES ON FREE CHARGES IN ELECTRIC FIELDS

If a charged particle, such as an electron, were placed within an electric field, it
would experience a force. The direction of the field and the sign of the charge allow
you to determine the direction of the force.

Figure 2.1.5 shows a positive test charge (proton) and a negative test charge
(electron), within a uniform electric field. Recall that the direction of an electric
field is defined as the direction of the force that a positive charge would experience
within the electric field. So, an electron will experience a force in the opposite
direction to the electric field, while a proton will experience a force in the same
direction as the field.

PHYSICSFILE

Bees

Bees are thought to use electric fields to communicate, find food and to avoid flowers
that have been visited by another bee recently. Their antennae are bent (deflected) by
electric fields and they can sense the amount of deflection (see Figure 2.1.6).

The charge that builds up on their bodies helps them collect pollen grains and
transport them to other flowers. The altered electric field around a flower that has
recently been visited is a signal to other bees to find food elsewhere.

“s

FIGURE 2.1.6 A bee can detect changes in the electric field around its body.

The magnitude of the force experienced by a charged particle due to an electric
field can be determined using the equation:

© r-a
where F is the force on the charged particle (N)
q is the charge of the object experiencing the force (C)

E is the strength of the electric field (N C™)

34 AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?



This equation illustrates that the force experienced by a charge is proportional
to the strength of the electric field, E, and the size of the charge, ¢. The force on
the charged particle will cause the charged particle to accelerate in the field. This
means that the particle could increase its velocity, decrease its velocity, or change its
direction while in the field.

To calculate the acceleration due to the force experienced, you can use the
equation from Newton’s second law:

F=ma
where m is the mass of the accelerating particle (kg)
a is the acceleration (m s72).

Worked example 2.1.1

USING F = qE
Calculate the magnitude of the uniform electric field that would cause a force of
5.00 x 102! N on an electron.
(ge=-1.602 x 101° C)
Thinking Working
Rearrange the relevant equation F=qE
to make electric field strength the F
subject. =g
Substitute the values for F and g into E= F
the rearranged equation and calculate T q
the answer. (As only magnitude is _ 5.00x 102
required, g can be kept positive.) T 1.602 x 101°
=3.12x 102N C!

Worked example: Try yourself 2.1.1
USING F = gE

Calculate the magnitude of the uniform electric field that creates a force of
9.00 x 1022 N on a proton.

(g,= +1.602 x 10-1° C)

Electric field strength

Electric field strength can be thought of as the force applied per coulomb of charge,
which is expressed in the equation:
E="
q
An alternative measure of the electric field strength is volts per metre, which is
calculated using the equation:
V
E=-

where d is distance (m).

You can equate both expressions and rearrange them to find an expression for
the work done (J) to make a charged particle move a distance against a potential
difference:

F VvV

¢~ d
Fd = qV and since W = Fd
W=ql
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Gravitational force and electric force

Oppositely charged parallel plates can be arranged one above the other,
such that the electric field is vertical. The direction of the field can then be
manipulated to create an upwards force on a charged particle in the field.

If the electric force created by the field on the charged object is equal to the
gravitational force on (or weight of) the object, then these two forces can add
to provide a net force equal to zero. This means that the charged object will
either be suspended between the plates, or (by Newton’s first law of motion)
will be falling or rising at constant velocity.

This phenomenon was used by Robert Millikan and his PhD student Harvey
Fletcher in their oil drop experiment, performed in 1909, to determine
the fundamental charge of an electron to within 1% of the currently
accepted value.

WORK DONE IN UNIFORM ELECTRIC FIELDS

Electrical potential energy is a form of energy that is stored in a field. Work is
done on the field when a charged particle is forced to move in the electric field.
Conversely, when energy is stored in the electric field then work can be done by the
field on the charged particle.

0 Electrical potential (V) is defined as the work required per unit charge to move
a positive point charge from infinity to a place in the electric field. The electrical
potential at infinity is defined as zero. This definition leads to the equation:

w
V=3

W=qV

where W is the work done on a positive point charge or on the field (J)

q is the charge of the point charge (C)

Vl + + + + + + + |
Vis the electrical potential (J C) or volts (V)
E
Consider two parallel plates, as shown in Figure 2.1.7, in which the positive
plate is at a potential (I7) and the other plate is earthed, which is defined as zero
V=0 |}_ potential. The difference in potential between these two plates is called the electrical
=  potential difference (V).
FIGURE 2.1.7 The potential of two plates when Between any two points in an electric field (E) separated by a distance (d) that
Onet k?ads a positive potential and the other is is parallel to the field, the potential difference 1/is then defined as the change in the
earthed.

electrical potential between these two points. See Figure 2.1.8.

+  + | 0E=Y

vi+ + + + +
A "
d, d, V=Ed
Av, |A\/2 E
| | where V is the difference in electrical potential (V)
V=0|
|]=_ E is the electrical field strength (V m™)

FIGURE 2.1.8 The potential difference between

1o points in a uniform electric field. d is the distance between points, parallel to the field (m)
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CALCULATING WORK DONE

By combining the two equations mentioned so far, you can derive an equation
for calculating the work done on a point test charge to move it a distance across a
potential difference.
W=gqVand V= Ed
so W= qgEd
where W is the work done on the point charge or on the field (J)
q is the charge of the point charge (C)
L is the electrical field strength (V m™ or N C1)
d is the distance between points, parallel to the field (m).

EXTENSION

Dimensional analysis of the units for
field strength

For the value of E in the above equation you can use either units for electrical
field strength, since they are equivalent. The following dimensional analysis
shows why they are equivalent.

4 F
E=aandE=a

vV F
S0G=gq
Looking at the units for each side of the equation, V. m-! must equal N CL.
To prove this, you can break down each unit:
V=JCl=kgm?s2C!
soVm'=(kgm?s?2Clym!=kgms?C!
Since N = kg m s2:
Vml=kgms?2C!l=NC!

Work done by or on an electric field

When calculating work done, which changes the electrical potential energy,
remember that work can be done either:

e by the electric field on a charged object, or

¢ on the electric field by forcing the object to move.

You need to examine what’s happening in a particular situation to know how the
work is being done.
For example, if a charged object is moving in the direction it would naturally v+ + + + + + _+]

tend to go within an electric field, then work is done by the field. So when a positive + ®4q,

point charge is moved in the direction of the electric field, the electric field has done d, |

work on the point charge. (Refer to ¢, in Figure 2.1.9.) | d, J E
When work is done by a charged object on an electric field, the object is forced &4 + %_ O

by forcing the object to move. For example, if a force causes a positive charge to
move towards the positive plate within a uniform electric field, work has been done

on the electric field by forcing the object to move. (See ¢; in Figure 2.1.9.) FIGURE 2.1.9 Work is being done on the field by

, . . moving g; and work is being done by the field
If a charge doesn’t move any distance parallel to the field then no work is done on g,. No work is done on g, since it is moving

on or by the field. (See ¢; in Figure 2.1.9.) perpendicular to the field.

to move against the direction it would naturally go. Work has been done on the field  v=0] |]_
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2.1 Review

Worked example 2.1.2

WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD

A student sets up a parallel plate arrangement so that one plate is at a potential
of 12.0 V and the other earthed plate is positioned 0.50 m away. Calculate the
work done to move a proton a distance of 10.0 cm towards the negative plate.
(gp=+1.602 x 10719 C)

In your answer identify what does the work and what the work is done on.

Thinking Working
Identify the variables presented in the V,=120V
problem to calculate the electric field V,=0V
strength E. d =050 m
. v . v
Use the equation £ = ;; to determine E=5
the electric field strength. 120-0
- 050
=240V m!
Use the equation W = gEd to determine | W = gEd
the work done. Note that d here is the = 1.602 x 1012 x 24.0 x 0.100
distance that the proton moves. =384 x 10-19 J
Determine if work is done on the As the positively charged proton is
charge by the field or if work is done moving naturally towards the negative
on the field. plate then work is done on the proton
by the field.

Worked example: Try yourself 2.1.2
WORK DONE ON A CHARGE IN A UNIFORM ELECTRIC FIELD

A student sets up a parallel plate arrangement so that one plate is at a potential
of 36.0 V and the other earthed plate is positioned 2.00 m away. Calculate the
work done to move an electron a distance of 75.0 cm towards the negative plate.
(ge=-1.602 x 1071° C)

In your answer identify what does the work and what the work is done on.

An electric field is a region of space around a charged
object in which another charged object will experience
a force.

Electric fields are represented using field lines.

Electric field lines point in the direction of the

force that a positive charge within the field would
experience.

A positive charge experiences a force in the direction of
the electric field and a negative charge experiences a
force in the opposite direction to the field.

The spacing between the field lines indicates the
strength of the field. The closer together the lines

are, the stronger the field.

AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?

Electric field strength can be expressed as E = g
and also E = g

Around point charges the electric field radiates in all
directions (three dimensionally).

Between two oppositely charged parallel plates, the
field lines are parallel and therefore the field has a
uniform strength.

When charges are in an electric field, they
accelerate in the direction of the force acting

on them.

The force on a charged particle can be determined
using the equation F = gE.




Force can be related to the acceleration of a
particle using the equation F = ma.

Electrical potential energy is stored in an
electric field.

When a charged object is moved against the
direction it would naturally move in an electric
field, then work is done on the field.

KEY QUESTIONS

1

Which of the following options correctly describes an

electric field?

A a region around a charged object that causes a
charge on other objects within that region

B a region around a charged object that causes a
force on other objects within that region

C aregion around a charged object that causes a
force on other charged objects in that region

D a region around an object that causes a force on
other objects within that region

Which of the following options correctly defines the

direction of an electric field?

A away from a negatively charged object

B away from a positively charged object

C away from a neutrally charged object

D towards a positively charged object

Identify whether the rules below for drawing electric

field lines are true or false:

a Electric field lines start and end at 90° to the
surface, with no gap between the lines and the
surface.

b Field lines can cross; this indicates that the field is
in two directions at that point.

¢ Electric fields go from negatively charged objects
to positively charged objects.

d Around small charged spheres called point charges
you should draw at least eight field lines: top,
bottom, left, right and in between each of these.

e Around point charges the field lines radiate like
spokes on a wheel.

f Between two point charges the direction of the field
at any point is the field due to the closest of the two
point charges.

g Between two oppositely charged parallel plates
the field between the plates is evenly spaced and
is drawn straight from the negative plate to the
positive plate.

Calculate the force applied to a balloon carrying

a charge of 5.00 mC in a uniform electric field of

250 N CL

10

When a charged object is moved in the direction
it would naturally tend to move in an electric field,
then the field does work on the particle.

The work done on or by an electric field can be
calculated using the equations W= qV or W= gEd.

Calculate the charge on a plastic disk if it experiences
a force of 0.025 N in a uniform electric field of

18 NCL

Calculate the acceleration of an electron in a uniform
electric field of 3.25 N C1. The mass of an electron is
9.11 x 10731 kg and its charge is —=1.602 x 1071° C.

Calculate the potential difference that exists between
two points separated by 30.0 cm, parallel to the field
lines, in an electric field of strength 4000 V m-1.

A researcher sees an oil drop with a of mass

1.161 x 1071# kg stationary between two horizontal
parallel plates. Between the plates exists an electric
field of strength 3.55 x 10* N CL. The field is
pointing vertically downwards. Calculate how

many extra electrons are present on the oil drop.

(e =-1.602 x 10-1° Cand g = 9.8 N kg'!)

For each for each of the following charged objects in a
uniform electric field, determine if work was done on
the field or by the field or if no work is done.

An electron moves towards a positive plate.

A positively charged point remains stationary.

A proton moves towards a positive plate.

A lithium ion (Li*) moves parallel to the plates.

An alpha particle moves away from a negative plate.
A positron moves away from a positive plate.

An alpha particle is located in a parallel plate
arrangement that has a uniform electric field of
340V me.

a Calculate the work done to move the alpha
particle a distance of 1.00 cm from the earthed
plate to the plate with a positive potential.

(g, = +3.204 x 10°1° C)

b For the situation in part (a) decide whether work
was done on the field, by the field or if no work
was done.

- 0 o 0 T o
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2.2 Coulomb’s law

Electricity is one of nature’s fundamental forces. It was Charles Coulomb, in 1785,
who first published the quantitative details of the force that acts between two
electric charges. The force between any combination of electrical charges can be
understood in terms of the force between two ‘point charges’ separated by a certain
distance, as seen in Figure 2.2.1.The effect of distance on the electric field strength
from a single charge and the force created by that field between charges is explored
in this section.

FIGURE 2.2.1 Two similarly charged balloons will repel each other by applying a force on each other.

THE FORCE BETWEEN CHARGED PARTICLES

Coulomb found that the force between two point charges (¢;) and (¢,) separated
by a distance () was proportional to the product of the two charges, and inversely
proportional to the square of the distance between them.

This is another example of an inverse square law, as discussed in Chapter 1.

0 Coulomb’s law can be expressed by the following equation:

_ 1
T Amey r?

where F is the force on each charged object (N)
q; is the charge on one point (C)
g, is the charge on the other point (C)
r is distance between each charged point (m)

& is the permittivity of free space, which is equal to
8.8542 x 10712 C2 N! m2

By including the sign of the charges in the calculation, a positive force value
indicates repulsion and a negative force value indicates attraction.

The permittivity of free space (g,) has a value of 8.8542 x 10712 C2 N~! m= in
air or a vacuum. As this value is constant for air or a vacuum, the expression at the
front of Coulomb’s law can be calculated. The result of the calculation is given the
name Coulomb’s constant (k) and is equal to 8.9875 x 10° N m? C2. For ease of
calculations this is usually rounded to two significant figures as 9.0 x 10° N m? C.
So, in Coulomb’s law, if:

1
- 4re,
then the equation becomes:

014
L PP

where k =9.0 x 10° N m2 C2
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Factors affecting the electric force

The force between two charged points is proportional to the product of the two
charges as seen in Figure 2.2.2. If there was a force of 10 N between two charged
points and either charge was doubled, then the force between the two points would
increase to 20 N. It is interesting to note that regardless of the charge on each point,
the forces on each point in a pair will be the same. For example, if ¢; is +10 uC
and g, is +10 pC, then the repulsive force on each of these points would be equal
in magnitude. The forces would also be equal on both points if ¢; is +100 pC and
g 1s +1 uC.

The force is also inversely proportional to the square of the distance between
the two charged points. This means that if the distance between ¢; and ¢, is doubled,
the force on each point charge will decrease to one-quarter of the previous value.

One coulomb in perspective

Using Coulomb’s law you can calculate the force between two charges of 1 C each,
placed 1 m apart. The force would be 9.0 x 10° N, or approximately 10!° N. This
is equivalent to the weight provided by a mass of 918 000 tonnes (see Figure 2.2.3).

This demonstrates that a 1 C charge is a huge amount of charge. In reality,
the amount of charge that can be placed on ordinary objects is a tiny fraction of
a coulomb. Even a highly charged Van de Graaff generator will have only a few
microcoulombs (1 uC = 107 C) of excess charge.

q 1 - 14,
q, | 19,

r

FIGURE 2.2.2 Forces acting between two point
charges.

R

FIGURE 2.2.3 Two 1 C charges 1 m apart would produce a force of 109 N, which is almost twice the weight of the Sydney Harbour Bridge.

Another way to get a feel for the magnitude of electrical forces is to realise that
all matter is held together by the electrical forces between atoms. For example, the
mass of Mount Everest is supported by the electrostatic repulsion between the
electrons around neighbouring atoms in the rock underneath it. The strength of
the hardest steel is due to the electrical forces of attraction between its ions and
the delocalised electrons between them. In comparison to the Earth’s gravitational
force on an atom, the electrical forces between atoms are about a billion, billion
(1 x 10'®) times stronger. In fact, only in the last stages of gravitational collapse of
a giant star can the gravitational forces overwhelm the electrical forces between its
atoms and cause the star to collapse into a super-dense neutron star.
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Worked example 2.2.1
USING COULOMB’S LAW TO CALCULATE FORCE

Two small spheres A and B act as point charges separated by 10.0 cm in air.
Calculate the force on each point charge if A has a charge of 3.00 uC and B has
a charge of -45.0 nC.

(Use g = 8.8542 x 10712 C2 N1 m=2)

Thinking Working

Convert all values to ga=3.00x10°C

Sl units. gs =45.0 x 10°=-450 % 108C
r=0.100 m
State Coulomb’s law. _ 1 qq
F= Z ==
TEy I
Substitute the values for 1 3.00 x 106 x -4,50 x 108

F= 4axsssa2 1012~
=_0.121 N

ga Qg r and gq into the 0.1002
equation and calculate

the answer.

Assign a direction based F=10.121 N attraction
on a negative force being
attraction and a positive

force being repulsion.

Worked example: Try yourself 2.2.1
USING COULOMB’S LAW TO CALCULATE FORCE

Two small spheres A and B act as point charges separated by 75.0 mm in air.
Calculate the force on each point charge if A has a charge of 475 nC and B has
a charge of 833 pC.

(Use gy = 8.8542 x 10712 C2 N1 m2)

Worked example 2.2.2
USING COULOMB’S LAW TO CALCULATE CHARGE

Two small positive point charges with equal charge are separated by 1.25 cm
in air. Calculate the charge on each point charge if there is a repulsive force of
6.48 mN between them.

(Use k=9.0 x 10° N m? C2)

Thinking

Working

Convert all values to

F=648x 103N

Sl units. r=125x 102 m
State Coulomb’s law. 19
F=k1E
Substitute the values for F, 410 = Fr?
r and k into the equation 2™k
and calculate the answer. _ 648 x 1073 x(1.25 x 10%)?
- 9.0 x 10°
=1.125 x 1016
Since g, = g»:

g:?=1.125x 10716
q: = V1.125 x 1016
+1.06 x 108 C
+1.06 x 108 C

gz

42 AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?




Worked example: Try yourself 2.2.2
USING COULOMB’S LAW TO CALCULATE CHARGE

Two small point charges are charged by transferring a number of electrons from
g; to g,, and are separated by 12.7 mm in air. The charges the two points are
equal and opposite. Calculate the charge on g, and g, if there is an attractive
force of 22.5 uN between them. (Use k = 9.0 x 10° N m2 C2)

THE ELECTRIC FIELD AT A DISTANCE FROM A CHARGE

In the previous section ‘Electric fields’, the electric field, E, is defined as being
proportional to the force exerted on a positive test charge and inversely proportional
to the magnitude of that charge, and is measured in N C~!. Defining the electric
field in this way means that it is independent of the size of the charge and describes
only the effect of the charge creating the field at a particular point.

It is useful also to be able to determine the electric field at a distance from a
single point charge:

0 The magnitude of the electric field at a distance from a single point charge is
given by:
Q
E = k,z
where E is the strength of the electric field around a point (N C™)
Q is the charge on the point creating the field (C)
r is the distance from the charge (m)
k=9.0 x 10° N m? C2
The magnitude of E that is determined is independent of the value of the test
charge and depends only on the charge, O, producing the field. This formula can

also be referred to as Coulomb’s law, in this case for determining the magnitude of
the electric field produced by a point charge.

Worked example 2.2.3
ELECTRIC FIELD OF A SINGLE POINT CHARGE

Calculate the magnitude and direction of the electric field at a point P at a
distance of 20 cm below a negative point charge, Q, of 2.0 x 10 C.

Thinking Working

Convert units to Sl units as required.

0=-20x10°C
r=20cm=0.20 m

Substitute the known values to find

the magnitude of E using:
Q
E= kr_2

Q

E= kr_2
20x 10°
— 9 ey - -y
=9.0x 10? x 0202

=45x%x 105N C!

The direction of the field is defined as
that acting on a positive test charge
(see previous section). Point P is below
the charge.

Since the charge is negative, the
direction will be toward the charge O,
or upwards.

Worked example: Try yourself 2.2.3

ELECTRIC FIELD OF A SINGLE POINT CHARGE

Calculate the magnitude and direction of the electric field at point P at a
distance of 15 cm to the right of a positive point charge, Q, of 2.0 x 106 C.
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2.2 Review

SUMMARY

Coulomb’s law for the force between two charges
g; and g, separated by a distance of r is:
1 192

drey r?
The constant, &y, in Coulomb’s law has a value of
8.8542 x 10712 C2 Nl m=2,
For air or a vacuum, the expression %80 at the
front of Coulomb’s law can be simplified to the
value of k, called Coulomb’s constant, which has a
value of approximately 9.0 x 102 N m2 C2. So:

F= kq;gz

KEY QUESTIONS

Choose a response from each shaded box to correctly
complete the following table summarising forces,
charges and actions.

oo g chargo | qzcharge | Action

a positive positive positive / attraction /
negative repulsion

b negative positive / positive attraction /
negative repulsion

¢ positive negative positive / attraction /
negative repulsion

d negative positive / negative attraction /
negative repulsion

A point charge, Q, is moved from a position 30 cm
away from a test charge to a position 15 cm from
the same test charge. If the magnitude of the original
electric field, E, was 6.0 x 103 N C1, what is the
magnitude of the electric field at the new position?

A 3.0x 103N C!

B 6.0x 103N C!

C 120 x 103N C!

D 240 x 103N C!

A hydrogen atom consists of a proton and an electron
separated by a distance of 53 pm (picometres).
Calculate the magnitude and sign of the force applied
to a proton carrying a charge of +1.602 x 1071° C by
an electron carrying a charge of -1.602 x 1071° C.

(I pm=1x10" m and g=8.8542 x 10712 C2 N- m-2)
The electric field is being measured at point P at a
distance of 5.0 cm from a positive point charge, Q, of
3.0 x 107 C. What is the magnitude of the field at P to
two significant figures? (Use k =9 x 102 N m2 C2)
Calculate the magnitude of the force that would exist
between two point charges of 1.00 C each, separated
by 1.00 km. (Use k=9 x 10° N m2 C2)

6

9

+ The magnitude of the electric field, £, at a distance
r from a single point charge Q is given by:
Q
E= kr—2

where k=9.0 x 109 N m2 C2

A point charge of 6.50 mC is suspended from a ceiling
by an insulated rod. At what distance from the point
charge will a small sphere of mass 10.0 g with a
charge of =3.45 nC be located if it is suspended in air?
(Use k=9 x 10° N m?2 C2)

A charge of +q is placed a distance r from another

charge also of +q. A repulsive force of magnitude F

is found to exist between them. Choose the correct

answer from the options in bold to describe the

changes, if any, that will occur to the force in the
following:

a If one of the charges is doubled to +2gq, the force
will halve/double/quadruple/quarter and repel/
attract.

b If both charges are doubled to +2q, the force will
halve/double/quadruple/quarter and repel/attract.

¢ If one of the charges is changed to —2q, the force
will halve/double/quadruple/quarter and repel/
attract.

d If the distance between the charges is halved
to 0.5r, the force will halve/double/quadruple/
quarter and repel/attract.

Calculate the repulsive force on each proton in a
helium nucleus separated in a vacuum by a distance
of 2.50 fm.

(Use k=9 x10°Nm?C? 1fm=1x10"1mand
gp = +1.602 x 1071°C))

Two point charges (30.0 cm apart in air) are charged
by transferring electrons from one point to another.
Calculate how many electrons must be transferred so
that an attractive force of 1.0 N exists. Consider only
the magnitude of g, in your calculations.

(Use k=9 x 10° N m? C?and g, =-1.602 x 101°C.)
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2.3 The magnetic field

While naturally occurring magnets had been known for many centuries, by the
early 19th century, there was still no scientifically proven way of creating an artificial
magnet. In 1820, the Danish physicist Hans Christian Oersted (whose statue is
pictured in Figure 2.3.1) developed a scientific explanation for the magnetic effect
created by an electric current.

Oersted was a keen believer in the ‘unity of nature’, the concept that everything
in the universe is somehow connected. He noticed that when he switched on a
current from a voltaic pile (a simple early battery), a magnetic compass nearby
moved. Intrigued by this observation, he carried out further experimentation,
which demonstrated that it was the current from the voltaic pile that was affecting
the compass movement. His experiments showed that the stronger the current, and
the closer the compass was to it, the greater the observed effect. These observations
led him to conclude that the electric current was creating a magnetic field. This
connection between electric and magnetic fields is fundamental to society today.

MAGNETISM

Before looking further into the connection between electric current and magnetic
fields, it is necessary to review some fundamentals of magnetism.

The magnetic effect most people are familiar with is the attraction of iron or
other magnetic materials to a magnet, as seen in Figure 2.3.2.

But, if you experiment with a magnet yourself, you will find that each end of a
magnet behaves differently, particularly when interacting with another magnet. One
end will be attracted while the other is repelled. Each end of a magnet is referred to
as a magnetic pole.

0 Like magnetic poles repel each other; unlike magnetic poles attract each other.

Dipoles

Try breaking a (cheap) magnet in half. All you get is two smaller magnets,
each with its own north and south poles. No matter how many times you
break the magnet and how small the pieces are, each will be a separate little
magnet with two poles. Because magnets always have two poles, they are
said to be dipolar.

Magnets are dipolar and a magnetic field is said to be a dipole field (see
Figure 2.3.3). This is similar to electric charges where a positive and negative
charge in close proximity to each other are said to form a dipole. A key
difference is that you cannot have a single magnetic pole, whether it be a
south pole or a north pole; however, charges can exist on their own as either a
positive or negative charge.

FIGURE 2.3.3 Magnets are always dipolar.

A suspended magnet that is free to move will always orientate itself in a north—
south direction. That’s basically what the needle of a compass is—a freely suspended,
small magnet. If allowed to swing vertically as well, then the magnet will tend to tilt
vertically. The vertical direction (upwards/downwards) and the magnitude of the
angle depend upon the direction of the magnet from either of the Earth’s poles.

FIGURE 2.3.1 In 1820, Hans Christian Oersted
discovered the magnetic effect created by an
electric current. Oersted is honoured by this
statue in Oersted’s Park, Copenhagen.

FIGURE 2.3.2 A bar magnet attracting
drawing pins.
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FIGURE 2.3.4 The Earth acts somewhat like
a huge bar magnet. The south pole of this
imaginary magnet is near the geographic
North Pole and is the point to which the
north pole of a compass appears to point.

As you can see in Figure 2.3.4, the Earth itself can be shown to have a giant
magnetic field around it.

The names for the poles of a magnet derive from early observations of magnets
orientating themselves with the Earth’s geographic poles.

Initially, the end of the magnet pointing toward the Earth’s geographic north
was denoted the North Pole, and compasses are thus marked with this end
as north. However, it is now known that the geographic North Pole and the
magnetic North Pole are slightly apart in distance, and the same applies to the
geographic South Pole and the magnetic South Pole.

PHYSICSFILE
‘Flipping’ poles

The Earth’s magnetic poles are not static like their geographic counterparts. For many
years, the magnetic North Pole had been measured as moving at around 9 km per
year (see Figure 2.3.5). In recent years that has accelerated to an average of 52 km
per year. Once every few hundred thousand years the magnetic poles actually flip in
a phenomenon called ‘geomagnetic reversal’, so that a compass would point south
instead of north. The Earth is well overdue for the next flip, and recent measurements
have shown that the Earth’s magnetic field is starting to weaken faster than in the
past, so the magnetic poles may be getting close to a ‘flip’. While past studies have
suggested such a flip is not instantaneous—it would take many hundreds if not a few
thousands of years—some more recent studies have suggested that it could happen
over a significantly shorter time period.

1900 1996

.

outer core

4

FIGURE 2.3.5 Diagram of Earth’s interior and the movement of magnetic north from 1900 to
1996. The Earth’s outer core is believed to be the source of the geomagnetic field.

MAGNETIC FIELD

In the earlier sections of this chapter, you saw that point charges and charged
objects produce an electric field in the space that surrounds them. For this reason,
charged bodies within the field will experience a force. The direction of the electric
field is determined by the direction of that force.

Magnets also create fields. If you do a simple test like placing a pin near a
magnet, you will observe that the pin will be pulled toward the magnet. This shows
that the space around the magnet must therefore be affected by the magnet.
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If you sprinkle iron filings on a piece of clear acetate that is held over a magnet,
you will observe that the magnetic field will be clearly defined (see Figure 2.3.6).
The iron filings will line up with the field, showing clear field lines running from
one end of the magnet to the other.

LN o
4 ;ﬁ—:s,;‘?\\\;i g -
I j 3

F1 NS R T2 S g
FIGURE 2.3.6 Iron fillings sprinkled around magnets (a) with unlike poles close together and (b) with
like poles close together. The patterns in the fields show the attraction and repulsion between poles,
respectively.

Vector field model for magnetic fields

The diagram in Figure 2.3.7 shows the magnetic field associated with a simple bar
magnet. The magnetic field around the bar magnet can be defined in vector terms,
specifying both direction and magnitude.

The direction of the magnetic field at any point is the direction that a compass
would point if placed at that point—that is, towards the magnetic South Pole. This
is also the direction of the force the magnetic field would exert on an (imaginary)
single north pole.

Denser (closer) lines indicate a relatively stronger magnetic field. As the distance
from the magnet increases, the magnetic field is spread over a greater area and
its strength at any point decreases. The strength and direction associated with the
magnetic field at any point signifies that it is a vector quantity. The strength, or
vector magnitude, of the magnetic field at a particular point is denoted by B and
has units of tesla (T).

The fields between magnets are dependent on whether like or unlike poles
are close together, the distance the poles are apart and the relative strength of the
magnetic field of each magnet. Iron filings or small plotting compasses can be used
to visualise the field between and around the magnets, as shown in Figure 2.3.8.

FIGURE 2.3.8 Plotting field lines around a bar magnet. Small plotting compasses are placed around
the magnet. Field lines are drawn linking the direction each compass points in, creating field lines
that run from the north pole to the south pole of the magnet.

FIGURE 2.3.7 The field lines around and inside a
bar magnet. The lines show the direction of the
force on an (imaginary) single north pole.
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FIGURE 2.3.9 The horseshoe magnet has two
unlike poles close to each other. This creates
a very strong magnetic field.

(b) direction
of current

FIGURE 2.3.11 (a) The magnetic field around

a current-carrying wire. The iron filings align
with the field to show the circular nature of the
magnetic field. (b) Small compasses will indicate
the direction of the field.

Because the Earth has a giant magnetic field around it, you can also predict how
compasses will orient themselves around the Earth—they will orient themselves
along the magnetic field lines. In Figure 2.3.7, note the direction of the magnetic
field close to either pole, where the magnetic field lines run almost vertically.
Magnets placed near the Earth’s magnetic poles will behave in the same way.

Different shaped magnets produce different shaped fields. The diagram in
Figure 2.3.9 shows the magnetic field plotted for a horseshoe magnet.

The resultant direction of the magnetic field at a particular point will be the
vector addition of each individual magnetic field acting at that point.

When two magnets are placed close together, two situations may arise. If the
poles are unlike as per Figure 2.3.10(b), then attraction will occur between them
and a magnetic field will be created that extends between the two poles. On the
other hand, if like poles are very near each other as per Figure 2.3.10(c), repulsion
will occur. In this situation, there will be a neutral point between the two poles
where there is no magnetic field.

(@) (b) (O]

neutral or
null point

o B

FIGURE 2.3.10 Magnetic field lines plotted for (a) a bar magnet, (b) opposite poles of magnets in
close proximity and (c) like poles of magnets in close proximity.

As the bar magnets in Figure 2.3.10 have a fixed strength and position, the
associated magnetic fields will be static. Varying the magnetic field strength, by
changing the magnets or varying the relative position of the magnets, would
produce a changing magnetic field.

MAGNETIC FIELDS AND CURRENT-CARRYING WIRES

In the introduction to this section the connection between electric current and
magnetic fields was noted. Oersted found that when he switched on the current
from a voltaic pile, a nearby magnetic compass would move. It’s believed that the
Earth’s magnetic field is created by a similar effect—circulating electric currents in
the Earth’s molten metallic core.

A circular magnetic field is created around a current-carrying wire. This can be
seen in Figure 2.3.11. A compass aligns itself at a tangent to the concentric circles
around the wire (i.e. the magnetic field). The stronger the current and the closer the
compass is to the wire, the greater the effect.

The magnetic field is perpendicular to the current-carrying wire and the
direction of the field will depend upon the current direction. There’s a simple and
easy way to determine the direction of the magnetic field, which is commonly
referred to as the right-hand grip rule.

Grasp the conducting wire with your right hand with your thumb pointing in
the direction of the conventional electric current, I (positive to negative). Curl
your fingers around the wire. The magnetic field will be perpendicular to the wire
and in the direction your fingers are pointing, as shown in Figure 2.3.12 on the
following page.

48 AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?



Worked example 2.3.1
DIRECTION OF THE MAGNETIC FIELD

A current-carrying wire runs horizontally across a table. The conventional
current direction, I, is running from left to right. What is the direction of the
magnetic field created by the current?

Thinking Working

Recall that the right-hand grip
rule indicates the direction of the
magnetic field.

Hold your hand with your fingers
aligned as if gripping the wire.

Point your thumb to the right in the
direction of the current flow.

fingers point. down on
the front side of the wire

Describe the direction of the field

in relation to the reference object

or wire in simple terms, so that the
description can be readily understood
by a reasonable reader.

The magnetic field direction is
perpendicular to the wire and runs
from up the back of the wire, over the
top towards the front of the wire.

Worked example: Try yourself 2.3.1
DIRECTION OF THE MAGNETIC FIELD

A current-carrying wire runs along the length of a table. The conventional current
direction, I, is running toward an observer standing at the near end. What is the
direction of the magnetic field created by the current as seen by the observer?

Magnetic fields between parallel wires

"Two current carrying wires arranged parallel to each other will each have their own
magnetic field. The direction of the magnetic field around each wire is given by the
right-hand grip rule. If the two wires are brought closer together, their associated
magnetic fields will interact, just as any two regular magnets would interact. The
interaction could result in either an attraction or repulsion of the wires, depending
on the direction of the magnetic fields between them (see Figure 2.3.13).When the
magnetic fields are in the opposite directions, this represents unlike poles, and so
the wires attract. When the magnetic fields are in the same direction, the wires repel.

3D FIELDS

Field lines can also be drawn for more-complex, 3D fields such as that around the
Earth or those around current-carrying loops and coils. Even in more-complex
fields, the right-hand grip rule is still applicable, as you can see in figures 2.3.14
and 2.3.15.

(a) (b)

Bt # |

FIGURE 2.3.14 The magnetic field lines around (a) a single current loop and (b) a series of loops.
The blue arrows indicate the direction of the magnetic field. The more concentrated the lines are
inside the loops, the stronger the magnetic field is in this region.

FIGURE 2.3.12 The right-hand grip rule can
be used to find the direction of the magnetic
field around a current-carrying wire, when
the direction of the conventional current, I,
is known.

S

1 m1

S
I #‘1
FIGURE 2.3.13 (a) Two current-carrying wires
attract when current runs through them in the
same direction. This is because the magnetic
fields between the wires are in opposite
directions. (b) Two current-carrying wires
repel when the current passes through them

in opposite directions. This is because the
magnetic fields are in the same direction.

==
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FIGURE 2.3.15 A 3D representation of the
magnetic field around a loop of wire in the
plane of the page. The blue arrows show the
direction of the magnetic field. Notice that the
magnetic field is a circular shape, with no field
lines crossing.

FIGURE 2.3.16 A 2D representation of the same
current-carrying loop depicted in Figure 2.3.15.
Areas where the magnetic field is stronger

are shown with a greater density of dots

and crosses.

The direction of a magnetic field can be shown with a simple arrow on a field line
when the field is travelling within the plane of a page (as shown in Figure 2.3.14),
or a simple 3D depiction can be used as in Figure 2.3.15.

Figure 2.3.15 shows a 3D representation of the magnetic field around a loop of
wire. This same loop can also be represented in two dimensions using the following
conventions.

When a field is running directly into or out of the plane of a page, dots are
used to show a field coming out of the page and crosses are used to depict a field
running directly into the page. This convention was adopted from the idea of
viewing an arrow. The dot is the point of the arrow coming toward you, and the
cross represents the tail feathers as the arrow travels away.

Figure 2.3.16 shows the 2D representation of the same magnetic field around a
simple loop of wire that was shown in Figure 2.3.15.

The strength of a field is depicted by varying the density of the lines or dots
and crosses. Showing lines coming closer together indicates a strengthening of a
field, less density indicates a weaker field. More densely placed dots or crosses can
also show a stronger area of the field. This would be referred to as a non-uniform
magnetic field.

As the magnetic fields associated with current-carrying coils are dependent
upon the size of the current, the associated field may also be changing over time,
either in magnitude, or, if the current is reversed, in direction.

The magnetic field around a solenoid

If many loops are placed side by side, their fields all add together and there is a
much stronger effect. This can easily be achieved by winding many turns of wire
into a coil termed a solenoid. The field around the solenoid is like the field around
a normal bar magnet. The direction of the overall magnetic field can be determined
by considering the field around each loop and, in turn, the field around the current-
carrying wire making up the loop. The direction of the field of the solenoid depends
on the direction of the current in the wire making up the solenoid.

This is explained in the diagram in Figure 2.3.17.

FIGURE 2.3.17 This solenoid has an effective ‘north’ end at the left and a ‘south’ end at the right.
The compass points in the direction of the field lines.

A simple way to remember which end of a solenoid is which pole is to write the
letters S and N and put arrows on them as shown in Figure 2.3.17. The arrows
indicate the direction of the current as seen from that end. Try each of S and N at
each end to determine which pole ‘fits’ at which end.
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CREATING AN ELECTROMAGNET

The earliest magnets were all naturally occurring. If you wanted a magnet, you
needed to find one. They were regarded largely as curiosities. Hans Christian
Oersted’s discoveries made it possible to manufacture magnets, making the
widescale use of magnets possible.

An electromagnet, as the name infers, runs on electricity. It works because an
electric current produces a magnetic field around a current-carrying wire. If the
conductor is looped into a series of coils to make a solenoid, then the magnetic field
can be concentrated within the coils. The more coils, the stronger the magnetic
field and, therefore, the stronger the electromagnet.

The magnetic field can be strengthened further by wrapping the coils around
a core. Normally, the atoms in materials like iron point in random directions and
the individual magnetic fields tend to cancel each other out. However, the magnetic
field produced by coils wrapped around an iron core can force the atoms within
the core to point in one direction. Their individual magnetic fields add together,
creating a stronger magnetic field.

The strength of an electromagnet can also be changed by varying the amount of
electric current that flows through it.

The direction of the current creates poles in the electromagnet. The poles of
an electromagnet can be reversed by reversing the direction of the electric current.

Today, electromagnets are used directly to lift heavy objects (see Figure 12.3.18),
as switches and relays, and as a way of creating new permanent magnets by aligning
the atoms within magnetic materials.

FIGURE 2.3.18 A large electromagnet being used to lift waste iron and steel at a scrapyard. Valuable
metals such as these are separated and then recycled.
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2.3 Review

SUMMARY

AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?

Like magnetic poles repel, and unlike magnetic
poles attract.

Magnetic poles exist only as dipoles, having both
north and south poles. A single magnetic pole
(monopole) is not known to exist.

The direction of a magnetic field at a particular point
is the same as that of the force on a (imaginary)
single north pole.

The resultant direction of interacting magnetic fields
at any particular point will be the vector addition of
each individual magnetic field acting at that point.
The Earth has a dipolar magnetic field that acts as
a huge bar magnet, with the south end near the
geographic North Pole.

KEY QUESTIONS

Repeatedly cutting a magnet in half always produces
magnets with two opposite poles. From this
information, which of the following can be deduced
in relation to the poles of a magnet?
A Magnets are easily sliced in half.
B All magnets are dipolar.
C When the magnets are cut, the poles are split

in half.
D All split magnets are monopolar.
A magnet is suspended on a thin wire at its midpoint
so that it is free to swing. In which direction,
approximately, will the north pole of the magnet point?
A Earth’s geographic north
B Earth’s geographic south
C Earth’s equator
D the sky due to Earth’s gravity

A magnetic field associated with a constant
magnetic field is static. Where the magnetic field
is changing, such as that associated with an
alternating current direction, the magnetic field
will also be changing.

A uniform distribution of field lines represents a
uniform magnetic field. A non-uniform field, such
as that around a non-circular coil, is shown by
variations in the separation of the field lines.

An electrical current produces a magnetic

field that is circular around a current-carrying
conductor. The direction of the field is given by
using the right-hand grip rule when considering
the direction of the conventional current.

More complex fields can be determined by
applying the right-hand grip rule to the loops or
coils making up the current carrying conductor
in a solenoid.

The field around a particular current-carrying loop
shows a variation in the strength of its magnetic field,
as depicted below. The current in the loop itself is
being switched on and off but is constant in direction
and size.

Which of the following best describes the resulting
magnetic field of the loop?

A a reversed magnetic field

B a static magnetic field

C a non-uniform magnetic field

D a uniform magnetic field



4 The following diagram shows two bar magnets
separated by a distance d. At this separation, the
magnitude of the magnetic force between the poles
is equal to F. Which of the following is true if the
distance, d, is increased?

CENE - - DR

A An attractive force greater than F will exist between
the poles.

B A repulsive force greater than F will exist between
the poles.

C An attractive force less than F will exist between
the poles.

D A repulsive force less than F will exist between the
poles.

5 A current-carrying wire runs horizontally across a
table. The conventional current direction, /, is running
from right to left. Draw a diagram showing the
direction of the magnetic field around the wire.

6 The following diagram shows a current-carrying
solenoid.

)

\ L

Which end (A or B) represents the north pole of this
solenoid?
The following information applies to questions 7-9.
Two strong bar magnets which produce magnetic fields of
equal strength are arranged as shown.

7 lIgnoring the magnetic field of the Earth, what is the
approximate direction of the resulting magnetic field
at point A?

8 Ignoring the magnetic field of the Earth, what is the
approximate direction of the resulting magnetic field
at point C?

9 Ignoring the magnetic field of the Earth, what is the
magnitude of the resulting magnetic field at point B?

10 The figure below shows a cross-sectional view of a
long, straight, current-carrying conductor, with its axis
perpendicular to the plane of the page. The conductor
carries an electric current into the page.

A
S :
C

a What is the direction of the magnetic field
produced by this conductor at each of the points
A, B, Cand D?

b The direction of the current in the conductor is now
changed so that it is carried out of the page. What
is the direction of the magnetic field produced by
this conductor at the four points A, B, C and D?
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FIGURE 2.4.2 The electron beam of a cathode
ray tube being deflected by a magnet.

2.4 Forces on charged objects due
to magnetic fields

An electric current is a flow of electric charges. These may be electrons in a metal
wire, electrons and mercury ions in a fluorescent tube or cations and anions in
an electrolytic cell. The nature of the flowing charge that makes up the current
does not matter. A magnetic field is produced around the flow of charge, and a
force is experienced within this field (see Figure 2.4.1). In each case, it is the total
rate of flow of charge, i.e. the current, which determines the field produced or the
magnitude of the force.

FIGURE 2.4.1 Electrons rushing down the length of a CRT (cathode ray tube) were the basis upon
which old-style television sets worked. The electrons were deflected by the magnetic force they
experienced as they passed through the ‘yoke'—coils of copper wire at the back of the tube creating
a strong variable magnetic field.

MAGNETIC FORCE ON CHARGED PARTICLES

The principle behind a cathode ray tube (CRT) is that a charged particle moving
within a magnetic field will experience a force. In Figure 2.4.2, a beam of electrons in
a CRT is experiencing a force due to a magnetic field. The force causes the beam of
electrons to bend. The magnitude of the force is proportional to the strength of the
magnetic field, B, the component of the velocity of the charge that is perpendicular
(at right angles) to the magnetic field and the charge on the particle; that is:

6 When v and B are perpendicular:
F=qvB
where F is the force in newtons (N)
q is the electric charge on the particle in coulombs (C)

v is the component of the instantaneous velocity of the particle that is
perpendicular to the magnetic field (m s7)

B is the strength of the magnetic field (T)
This force is referred to as the Lorentz force. The force is at a maximum when

the charged particle is moving at right angles to the field. There is no force acting
when the charged particles are travelling parallel to the magnetic field.
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Determining the direction of the force

The simple mnemonic shown in Figure 2.4.3 can be used to determine the
direction of the force on a charged particle moving in a magnetic field. Using your
right hand, with fingers outstretched and flat, point the thumb toward the direction
that a positive charge is moving and the outstretched fingers in the direction of the
magnetic field. The direction of the resulting force on the charge is the direction
in which your palm is pointing. The force on a negatively charged particle will
therefore be in the opposite direction to that on a positively charged particle.

(fingers)

field B (thumb)

v (positive charge)

(palm)
force F

FIGURE 2.4.3 The right-hand rule: Point the thumb of the right hand in the direction of the movement
of a positive charge (conventional current direction) and the fingers in the direction of the magnetic
field. The force on the charge will point out from the palm.

Worked example 2.4.1
MAGNITUDE OF FORCE ON A POSITIVELY CHARGED PARTICLE

A single, positively charged particle with a charge of +1.6 x 1071° C travels at a
velocity of 10 m s™! perpendicular to a magnetic field, B, of strength 4.0 x 105 T.

What is the magnitude of the force the particle will experience from the
magnetic field?

Thinking Working

Check the direction of the velocity and
determine whether a force will apply.

The particle is moving
perpendicular to the field. A force

Forces only apply on the component of the | Will apply, and so F = qvB.

velocity perpendicular to the magnetic field.

Establish which quantities are known and F=7
which ones are required. g=+16x101°C

v=10ms!
B=40x10°T

Substitute values into the force equation. F=qvB
=1.6x1019x 10 x 4.0 x 10°

F=64x1023N

Express the final answer in an appropriate
form. Note that only magnitude has been

requested so do not include direction.

Worked example: Try yourself 2.4.1
MAGNITUDE OF FORCE ON A POSITIVELY CHARGED PARTICLE

A single, positively charged particle with a charge of +1.6 x 1071° C travels at a
velocity of 50 m s™! perpendicular to a magnetic field, B, of strength 6.0 x 105 T.

What is the magnitude of the force the particle will experience from the
magnetic field?

PHYSICSFILE

The tesla

The unit for the strength of a magnetic
field, B, was given the name tesla (T)
in honour of Nikola Tesla. Nikola Tesla
(1856—-1943) was the first person

to advocate the use of alternating
current (AC) generators for use in town
power-supply systems. He was also a
prolific inventor of electrical machines
of all sorts, including the Tesla coil, a
source of high-frequency, high-voltage
electricity.

A magnetic field of 1 T is a very
strong field. For this reason, a number
of smaller units, especially the millitesla
(mT), 1073 T, and microtesla (uT),
107° T, are in common use. The table
below shows the strength of some
magnets for comparison.

Type of magnet Strength of
magnetic
field

very strong 1to20T
electromagnets and

‘super magnets’

Alnico and ferrite 102to 1T
magnets

Earth’s surface 5x10°T

TABLE 2.4.1 Comparison of magnet
strengths.
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EXTENSION

Objects moving at an angle to the magnetic field

The force experienced by a charge moving in a magnetic field is a vector quantity.
The original expression noted above applies only to that component of the velocity of
the charge perpendicular to the magnetic field. To find the force acting on an object
moving at an angle 6 to the magnetic field, use:

F=qvBsin 6

A charged particle travelling at a steady speed in a magnetic field experiences this
force at an angle to its path and will be diverted.

This is the theory behind CRT screens. As the direction of the charged particle
changes, so does the angle of the force acting on it. In a very large magnetic field
the charged particles will move in a circular path. Mass spectrometers and particle
accelerators both work on this principle.

When high-energy particles in the solar wind from the Sun meet the Earth’s magnetic
field, they also experience this type of force. As the particles approach the Earth, they
encounter the magnetic field and are deflected in such a way that they spiral towards
the poles, losing much of their energy and creating the auroras (the southern aurora, or
aurora australis, and the northern aurora, or aurora borealis, as shown in Figure 2.4.4).

FIGURE 2.4.4 Charged particles from the Sun or deep space are trapped by the Earth’'s magnetic field,
causing them to spiral towards the poles. As they do this, they lose energy and create the auroras.

Worked example 2.4.2
DIRECTION OF FORCE ON A NEGATIVELY CHARGED PARTICLE

A single, negatively charged particle with a charge of —=1.6 x 10-1° C is travelling
horizontally out of a computer screen and perpendicular to a magnetic field, B,
that runs horizontally from left to right across the screen. In what direction will

the force experienced by the charge act?

Thinking Working

(fingers)  (palm) (thumb) Align your hand so that your fingers are
field B force F v (positive charge) | pointing in the direction of the magnetic
field, i.e. left to right and horizontal.

If the negatively charged particle is
travelling out of the screen, a positively
charged particle would be moving in the
opposite direction. Align your thumb so it
is pointing into the screen, in the direction
that a positive charge would travel.

The right-hand rule is used to Your palm should be facing downwards.
determine the direction of the force | That is the direction of the force applied
on a positively charged particle. by the magnetic field on the negative

charge out of the screen.

Worked example: Try yourself 2.4.2
DIRECTION OF FORCE ON A NEGATIVELY CHARGED PARTICLE

A single, negatively charged particle with a charge of -1.6 x 10-1° C is travelling
horizontally from left to right across a computer screen and perpendicular to a
magnetic field, B, that runs vertically down the screen. In what direction will the
force experienced by the charge act?
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THE FORCE ON A CURRENT-CARRYING CONDUCTOR

Since a conducting wire is essentially a stream of charged particles flowing in one
direction, it is not hard to imagine that a conductor carrying a stream of charges
within a magnetic field will also experience a force. This is the theory behind the
operation of electric motors that will be explained in the chapter ‘Applications
of fields’.

The current in a conductor is dependent on the rate at which charges are moving
through the conductor; that is:

=2

¢
where [ is the current (A)
Q is the total charge (C)
¢ is the time taken (s).
For a 1 m length of conductor, the velocity of the charges through the conductor is:

s 1
V=777

And hence
I:%:QX%:Q{}

As F = guB for a single charge, ¢, moving perpendicular to a magnetic field,
then:

F = IB for a one metre conductor,

and for a conductor of any length, /, FF = IIB

and for a conductor made up of 7 loops or conductors of length

© r=niB

where F is the force on the conductor perpendicular to the magnetic field in
newtons (N)

n is the number of loops or conductors
I'is the current in the conductor in amperes (A)
Lis the length of the conductor in metres (m)

B is the strength of the magnetic field in tesla (T)

Just as for a single charge moving in a magnetic field, the force on the conductor
is at a maximum when the conductor is at right angles to the field. The force is
zero when the conductor is parallel to the magnetic field. The right-hand rule is
used to determine the direction of the force.

EXTENSION

Conductors at an angle to a
magnetic field

The force experienced by a current-carrying conductor is a vector quantity.
The expression noted above applies only to that component of the conductor
perpendicular to the magnetic field. To find the force acting on any
conductor, or part of a conductor, moving at an angle 6 to the magnetic field,
use the equation:

F=nlIBsin 6

This is particularly relevant when applied to practical electric motors.
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| PHYSICS IN ACTION|

The current
balance

A current balance can be used
to determine the force on a
conductor in a magnetic field,
as shown in Figure 2.4.5.

FIGURE 2.4.5 A current balance is used
to measure the interaction between an
electric conductor and a magnetic field.
The relationship between force, current
and conductor length can be shown.
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Worked example 2.4.3
MAGNITUDE OF THE FORCE ON A CURRENT-CARRYING WIRE

Determine the magnitude of the force due to the Earth’s magnetic field that acts
on a suspended power line running east-west near the equator at the moment
it carries a current of 100 A from west to east. Assume that the strength of the
Earth’s magnetic field at this point is 5.0 x 105 T.

B

F
1
N
WXE
S A s
Thinking Working
Check direction of the conductor and As the current is running west-east
determine whether a force will apply. and the Earth’s magnetic field runs
Forces only apply to the component south-north, the current and the
of the wire perpendicular to the field are at right angles and a force
magnetic field. will exist.
Establish what quantities are known F=7?
and what are required. Since the n=1
length of the power line hasn’t been _
X : . I=100A
supplied, consider the force per unit
length (i.e. 1 m). 1=1.0m
B=50x105T
Substitute values into the force F=nliB
equation and simplify. =1x100x1.0x50x 105N
=50x%x 103N
Express the final answer in an F=5.0x 103 N per metre of
appropriate form with a suitable power line

number of significant figures. Note
that only magnitude has been
requested, so do not include direction.

Worked example: Try yourself 2.4.3
MAGNITUDE OF THE FORCE ON A CURRENT-CARRYING WIRE

Determine the magnitude of the force due to the Earth’s magnetic field that acts
on a suspended power line running east-west near the equator at the moment
it carries a current of 50 A from west to east. Assume that the strength of the
Earth’s magnetic field at this point is 5.0 x 105 T.

B

W
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Worked example 2.4.4

DIRECTION OF THE FORCE ON A CURRENT-CARRYING WIRE

A current balance is used to measure the force from a magnetic field on a wire
of length 5.0 cm running perpendicular to the magnetic field. The conventional
current direction in the wire is from left to right. The magnetic field can be
considered to be running into the page. What is the direction of the force on

field B force F v (positive charge)

The right-hand rule is used to
determine the direction of the force.

the wire?
Thinking Working
(fingers)  (palm) (thumb) Align your hand so that your fingers

are pointing in the direction of the
magnetic field, i.e. into the page.

Align your thumb so it is pointing
right, in the direction of the current.

Your palm should be facing upwards.
That is the direction of the force
applied by the magnetic field on

the wire.

State the direction in terms of
the other directions included in
the question. Make the answer
as clear as possible to avoid any
misunderstanding.

The force on the wire is acting
vertically upwards.

Worked example: Try yourself 2.4.4

DIRECTION OF THE FORCE ON A CURRENT-CARRYING WIRE

on the wire?

A current balance is used to measure the force from a magnetic field on a wire
of length 5.0 cm running perpendicular to the magnetic field. The conventional
current direction in the wire is from left to right. The magnetic field can be
considered to be running out of the page. What is the direction of the force

Worked example 2.4.5

FORCE AND DIRECTION ON A CURRENT-CARRYING WIRE

The Amundsen-Scott South Pole Station sits at a point that can be considered
to be at the Earth’s southern magnetic pole (which behaves like the north pole

of a magnet).

Assuming the strength of the Earth’s magnetic field at this pointis 5.0 x 1075 T,
determine the magnitude and direction of the magnetic force on the following:

a A 2.0 m length of wire carrying a conventional current of 10.0 A vertically up
the exterior wall of one of the buildings.

Thinking

Working

Forces only apply to the components
of the wire running perpendicular to
the magnetic field.

The section of the wire running up the
wall of the building will be parallel to
the magnetic field, B. Hence, no force

required. Since there is no force, it is
not necessary to state a direction.

The direction of the magnetic field at will apply.
the southern magnetic pole will be

almost vertically upwards.

State your answer. A numeric value is F=0N
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b A 2.0 m length of wire carrying a conventional current of 10.0 A running
horizontally right to left across the exterior of one of the buildings.

Forces only apply to the components The section of the wire running

of the wire running perpendicular to horizontally through the building will
the magnetic field. be perpendicular to the magnetic
The direction of the magnetic field at field, B. A force £ with a strength

the southern magnetic pole will be equivalent to n/iB will apply.

almost vertically upwards (that is, out
of the ground).

Identify the known quantities. F=7
n=1
I=10.0A
/=20m

B=50x105T

Substitute into the appropriate equation | F=nlIB
and simplify. =1x10.0x 2.0 x 5.0 x 10
=1.00 x 103N

(fingers)  (palm) (thumb) Align your hand Slo) that your fingers
field B force F v (positive charge) are pointing in the direction of the
magnetic field, i.e. vertically up.
Align your thumb so it is pointing
left, in the direction of the current.
Your palm should be facing inwards
(towards the building). That is the
direction of the force applied by the
magnetic field on the wire.

The direction of the magnetic force is
also required to fully specify the vector
quantity. Determine the direction of the
magnetic force using the right-hand rule.

State the magnetic force in an F=1.0x 103 N inwards
appropriate form with a suitable
number of significant figures. Include
the direction to fully specify the
vector quantity.

Worked example: Try yourself 2.4.5
FORCE AND DIRECTION ON A CURRENT-CARRYING WIRE

Santa’s house sits at a point that can be considered the Earth’s magnetic North
Pole (which behaves like the south pole of a magnet).

Assuming the strength of the Earth’s magnetic field at this pointis 5.0 x 105 T,
calculate the magnetic force and its direction on the following:

a a 2.0 m length of wire carrying a conventional current of 10.0 A vertically up
the outside wall of Santa’s house.

b a 2.0 m length of wire carrying a conventional current of 10.0 A running
horizontally right to left across the outside of Santa’s house.
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2.4 Review

* The magnitude of the force on a charged object
within a magnetic field is proportional to the
strength of the magnetic field, B, the component
of the velocity of the charge that is perpendicular
(at right angles) to the magnetic field, and the
charge on the particle, i.e. F = qvB.

» This force is referred to as the Lorentz force.

» The force is at a maximum when the charged particle
is moving at right angles to the magnetic field.

» The force is zero when the charged particle is
travelling parallel to the magnetic field.

KEY QUESTIONS

1

A single, positively charged particle with a charge of
+1.6 x 10712 C is travelling into a computer screen
and perpendicular to a magnetic field, B, that runs
horizontally from left to right across the screen.

In what direction will the force experienced by the
charge act?

A left to right

B right to left

C vertically up

D vertically down

The following diagram shows a particle, with initial
velocity v, about to enter a uniform magnetic field, B,
directed out of the page.

a |If the charge on this particle is positive, what is
the direction of the force on this particle just as it
enters the field?

b Which path will this particle follow?

¢ Does the kinetic energy of the particle increase
decrease or remain constant?

d If this particle were negatively charged, what path
would it follow?

e What kind of particle could follow path B?

The right-hand rule is used to determine the
direction of the force on a positive charge moving
in a magnetic field, B. The direction of the

force on a negatively charged particle is in the
opposite direction.

The magnetic force on a current-carrying wire
within a magnetic field is

F = nllB

The direction of the force is given by the right-
hand rule where the force travels out of the palm
of the hand, once the thumb and fingers are
orientated in the direction of the (conventional)
current and magnetic field, respectively.

A single, positively charged particle with a charge of
+1.6 x 10712 C travels at a velocity of 0.5 m s7! from
left to right perpendicular to a magnetic field, B, of
strength 2.0 x 10°3 T, running vertically downwards.
What is the magnitude of the force that the particle
will experience from the magnetic field?

A 1.6 x10°N

B 3.2 x10°N

C 1.6 x10°1°N

D 1.6 x102* N

A single, negatively charged particle with a charge
of —1.6 x 10719 travels at a velocity of 1.0 m s7! from
right to left parallel to a magnetic field, B, of strength
30x10°T

What is the magnitude of the force the particle will
experience from the magnetic field?

A rectangular loop of wire is carrying a current, I,
in a magnetic field, B, as shown below. What is the
direction of the force on the length of wire marked PQ?

Q top view

-

R EEEEEEEEEEEEEEEEEE] ARl
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2.4 Review continued

An east-west power line of length 100 m is suspended
between two towers. Assume that the strength of

the magnetic field of the Earth in this region is

5.0 x 1075 T. Calculate the magnetic force (including
direction) on this power line at the moment it carries
a current of 80 A from west to east.

An electron with a charge of 1.6 x 101° C is
moving eastwards into a magnetic field of strength
1.5 x 105 T acting into the page, as shown below.
If the magnitude of the initial velocity is 2 m s,
what is the magnitude and direction of the force
the electron initially experiences as it enters the
magnetic field?

X X X X X
X X X X X
X X X X X
X X X X X
=
[es]

S

An alpha particle with a charge of +3.2 x 10°1° C is
moving eastwards into a magnetic field acting into the
page, as shown below. The force it experiences is F. If
the velocity, v, of the particle is doubled, what will be
the magnitude and direction of the magnetic force it
would experience in terms of F?

X X X X X
X X X X X
X X X X X
X X X X X
=
les]

9

10

The diagram below depicts a cross-sectional view of

a long, straight, current-carrying conductor, located
between the poles of a permanent magnet. The
magnetic field, B, of the magnet, and the current, I, are
perpendicular. Calculate the magnitude and direction
of the magnetic force on a 5.0 cm section of the
conductor when the current is 2.0 A into the page and
Bequals 2.0 x 103 T.

N

- EsE . R

S

An east-west power line of length 80 m is suspended

between two towers. Assume that the strength of

the magnetic field of the Earth in this region equals

45 x10°T.

a Calculate the magnitude and direction of the
magnetic force on this power line at the moment
it carries a current of 50 A from east to west.

b Over time, the ground underneath the eastern
tower subsides, so that the power line is lower at
that tower. Assuming that all other factors are the
same, is the magnitude of the magnetic force on
the power line greater than before, less than before
or the same as before?

62
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2.5 Comparing fields—a summary

Many of the forces affecting us and the world around us can be described as contact
forces. There is direct contact as you open a door, kick a ball or rest on a couch. By
contrast, the forces of gravity, magnetism and electricity act over a distance without
necessarily having any physical contact (see Figure 2.5.1). This was a difficult
idea for scientists to come to terms with. Newton still had some misgivings even
when publishing his ideas of universal gravitation. The concept of fields, used to
explain how and why forces can act over a distance, is thus a very powerful tool
and one that has allowed us to better explain the fundamental forces of gravity and
electromagnetism.

FIGURE 2.5.1 The magnet has an effect on the paper clips even though they are not in contact. This
is because the paper clips are within the magnetic field produced by the magnet.

In this section key concepts and ideas on gravitational, electric and magnetic
fields will be summarised, compared and contrasted to give an overview of the
theoretical ideas covered so far.

DIPOLES AND MONOPOLES

Gravitational fields consist essentially of monopoles. All objects with mass produce
a gravitational field that can be considered as being toward the centre of the mass.
There is a concept of a gravitational dipole but it is a measure of how the mass of
a single object is distributed away from a particular centre in a particular direction,
usually selected as the centre of mass.

Magnetic fields exist in a practical sense solely as dipoles; that is, they have
opposite north and south poles. While a magnetic field is defined as having a
direction that a north magnetic pole would move (i.e. toward a south pole), this is
a theoretical single pole.

Electric fields have both monopoles and dipoles. Single positive and negative
charges represent monopoles. Two equal point charges of opposite sign separated
by a distance, 7, constitute a dipole. These exist often in physics and in areas such
as molecular biology.
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FIGURE 2.5.2 The arrows in this gravitational
field diagram around a planet indicate that
objects will be attracted towards the centre

of mass of the planet. The spacing of the

lines shows that force is stronger as you
approach the planet. Very similar field diagrams
apply to single electric point charges and
magnetic poles.

EXTENSION

Quadrupoles

Gravitational fields are said to also have a ‘quadrupole’. A quadrupole is

a representation of how the mass of an object is stretched out along a
particular rotational axis. A sphere would thus have a zero quadrupole as
the mass is evenly distributed around all axes. A long rod would have a
quadrupole along its length. A flat plate would also have a quadrupole, but
with the opposite sign of that of a rod since the axis would be pointing out
either side of its flat sides rather than along its axis as for a rod. In general,
quadrupoles can exist along x, y and z axes, each axis being at right angles
to the others.

PHYSICSFILE

Gravitational repulsive forces

A leading theory in the explanation of the expansion of the universe is the concept

of dark energy. While little is understood about dark energy at this time, it may be a
source of a repulsive force of gravity possibly originating from the interaction of matter
and antimatter.

DIRECTION AND SHAPE OF FIELDS

Simple fields associated with a single monopole, whether that be gravitational,
electric or magnetic (although the magnetic one would be purely theoretical),
look very similar since they are a representation of the spread of the field over the
area being affected around a single point. Fields are vector quantities having both
direction and size. Field lines are used to visualise the extent, shape and strength of
the field, with arrows on the field lines used to show the direction of the field.

A uniform field would be indicated by lines that remain evenly spaced throughout
the region of the field. The electric field in the region between two charged plates
would be uniform. Around a point charge, mass or pole, while the field lines would
be evenly spaced, the field would not be uniform since the strength of the field
decreases with the distance from the charge. This is called a radial field.

In a static (unchanging) field, the strength of the field doesn’t change with time.
This is true of most gravitational and magnetic fields where the mass of the object
or the strength of the magnet is unchanging. Many electric fields are changing
fields. Charges are moving or the amount of charge is changing regularly with time.
Of course there can be static electric fields with a fixed charge just as there can be
changing gravitational and magnetic fields. The magnetic field associated with a
changing electric current is one example of a changing magnetic field.

A gravitational field is directed toward the point representing the centre of mass
of the object and is always attractive (see Figure 2.5.2). In the case of both electric
and magnetic fields, the field may be either attractive or repulsive so a particular
direction is defined as the positive direction. In the case of electric fields this is the
direction of the force on a positive test charge (i.e. positive to negative) and for
magnetic fields, the direction of the force on a theoretical single north pole (i.e.
north to south).

One other key difference between each of these fields is that theoretically
a gravitational field around any mass extends an infinite distance from it. While
the shape of the field will be influenced by the field of other masses, there is no
way of stopping the field. The extent of both electric and magnetic fields, while
theoretically extending to infinity, can be constrained by external electric and
magnetic influences.
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The shape of electrical and magnetic fields around objects can be influenced by
the shape of the object. An example is shown in Figure 2.5.3.The shape of the field
around multiple masses, charges or poles becomes increasingly complex. However,
the direction of a field at any point is always the resultant field vector determined
by adding the individual field vectors due to each mass, charge or magnetic pole
within the affected region. Note, again, that gravitational fields are known only to
be attractive.

FIGURE 2.5.3 Field lines around a pear-shaped conductor. The uneven nature of their distribution is
due to the contributions of each individual charge on the surface of the conductor and the greater
density at more curved regions.

Whether a charge is positive or negative, or a magnetic pole is north or south,
needs also to be considered when determining the resultant field around multiple
charges or magnetic poles, as shown in Figure 2.5.4.

FIGURE 2.5.4 The electric field resulting when
unlike charges are brought together. At any
point the density and direction of the field lines
represent the resultant field vector at that point.

FIGURE 2.5.5 The magnetic field around a bar magnet. While fields are generally shown only in
two dimensions, fields exist and affect the area around poles, charges and masses in all three
dimensions.
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COMPARING GRAVITATIONAL AND ELECTRIC FIELDS

PHYSICSFILE

Gravity is an incredible force. Permeating the universe, it brings gas clouds together
Field strength around a to form planets, stars and galaxies. It causes stars to collapse to black holes,
dipole generating gravitational fields strong enough that even light can’t escape. And yet
While the theories of many particle the gravitational force of attraction between two electrons is less than 8 x 10737 N,
physicists predict magnetic monopoles, which is the same as the electrostatic repulsion between the same two electrons.
in practical terms magnetic poles The relationships developed for gravitational and electric fields over the last
exist only as dipoles. The relevant two chapters reveal the parallels and differences between related field concepts for
relationships for dipoles are somewhat gravitational masses and point charges, both of which are essentially monopoles.
different to those for radial fields They are summarised in Table 2.5.1.
et e
square law, for example, does no . L
apply. It can be shown that the field zzﬁla:i: rsyt;fonngqtz \r/:cr:scs)gvollt: g= G’r\—g E= kr—g

strength at a distance from a dipole will

. ) f | mim
decrease with the cube cl)f the distance. orce between monopoles . =G ;2 2 F= kqu
That is, field strength o<=. , ,
r potential energy changesina  E; = mgAh W=qV
uniform field
force due to a uniform field Fg=mg F=gqgE
TABLE 2.5.1 Comparison of gravitational and electric fields.
2.5 Review
SUMMARY
» Gravitational, electric and magnetic fields are * A uniform field would be indicated by lines that
similar, but display significant differences associated remain evenly spaced throughout the region of
with the differences in the fundamental nature of the field.
the fields. + In a static (unchanging) field, the strength of the
» The direction of a field at any point is always the field doesn’t change with time.
resultant field vector determined by adding the + The field around a monopole is radial, static but
individual field vectors due to each mass, charge or not uniform. It varies with the distance from the
magnetic pole within the affected region. point source.
Quantity or description Gravitational fields Electrical fields Magnetic fields
type of poles monopoles monopoles/dipoles dipoles
type of force attractive attractive/repulsive attractive/repulsive
extent of the field extends to an infinite can be constrained to can be constrained to
distance a fixed distance a fixed distance
effect of distance on field strength in M _ 0
a radial field =G2 E=kp
f bet |
orce between monopoles e mlgnz Fe kqlgz
r r
potential energy changes in a E; = mghh W=qV

uniform field

force due to a uniform field Fg=mg F=gqE
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__________________________________________________________________________________________

KEY QUESTIONS

1 The diagram below shows the electric field between 5 Complete the following statement about the field
two electrically charged plates of opposite sign. around a monopole from the pairs of choices
provided in bold:
+ + + + + + + + + +
| The field around a monopole is linear/radial, static/
dynamic and uniform/non-uniform.

' ' y y y y y ' ' 6 The diagram below shows the field between two

point charges.

The charge on the right is shown with no sign. What is
the charge on the point charge on the right?

Choose the correct response that explains why the

electric field lines shown are bulging outwards at the

ends of the plates. Hint: Consider the field between

the plates and how this compares with the field

outside the plates. How would this affect the shape

of the field at the ends of the plate?

A The plates are being drawn together by gravity,
squeezing the electric field outwards at the ends.

B At either end a magnetic field is created, interacting
with the electric field.

C At either end the horizontal component of the 7
resultant force is outwards; between the plates
it is zero.

D At either end air pressure will cause the field lines
to bend outwards.

_________

Which of the following statements explains why an

inverse square law does not apply to the change in

magnetic field strength with distance from the source.

A Magnetic fields are considerably stronger than
other field types.

2 Determine which of the fO”OWing statements is B Magnetic fields are uniform around each po|e.
incorrect. C Magnetic fields are only associated with monopoles.
A Gravitational fields are known only to be attractive. D Magnetic fields are only associated with dipoles.
B In a static field, the strength of the field changes 8 Complete the following statement about the direction

with time.
C Gravitational fields consist essentially of monopoles.
D Fields are vector quantities having both direction

of a field around a monopole from the choices
provided in bold:
The direction of a field at any point is defined as the

and size. maximum/resultant field vector determined by adding

3 The gravitational force of attraction between two the total/individual field vectors due to each mass,

electrons is said to be less than 8 x 1037 N. charge or magnetic pole within the field.

At what minimum distance does this hold true for 9 The electron of a hydrogen atom orbits the single

the two electrons? proton at the centre at an average distance of

(Use G =6.67 x 107! m?® kg™ 572, and the mass of 0.53 x 1071% m. The charges on both the electron

each electron is 9.1 x 103! kg.) and the proton are 1.6 x 10719 C. What is the electrical
4 Describe the nature of the poles (monopoles, dipoles force of attraction between the two particles?

or both) for each of the following fields: (Use k=9 x 10° N m2 C2)

a gravitational 10 The electron of a hydrogen atom orbits the single

b electrical proton at the centre at an average distance of

¢ magnetic. 0.53 x 10719 m. The mass of the electron is

9.1 x 10731 kg and that of the proton is

1.67 x 1027 kg. What is the gravitational force
of attraction between the two particles?

(Use G =6.67 x101! m3 kgl s2)

__________________________________________________________________________________________________
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Chapter review

KEY TERMS

cathode ray tube
dipole

electric field

electric field strength

Lorentz force
magnetic
magnetic field
magnetic pole

electrical potential mnemonic
field monopole
field lines point charge

Calculate the force applied to an oil drop carrying

a charge of 3.00 mC in a uniform electric field of
750 N CL.

A test charge is placed at a point, P, 30 cm directly
above a charge, Q, of +30 x 106 C. What is the
magnitude and direction of the electric field at

point P?

A 300 N C! downwards

B 300 N C! upwards

C 3 x 108N C! downwards

D 3 x 10° N C! upwards

Explain the difference between electrical potential and
potential difference.

Calculate the potential difference that exists between
two points separated by 25.0 mm, parallel to the field
lines, in an electric field of strength 1000 V m-L.
Between two plates forming a uniform electric

field, where will the electrical field strength be at

a maximum?

A close to the positive plate

B close to the earthed plate

C at all points between the plates

D at the mid-point between the plates

Choose the correct terms from the ones in bold to
complete the relationship between work done and
potential difference.

When a positively charged particle moves across a
potential difference from a positive plate towards

an earthed plate, work is done by the field/charged
particle on the field/charged particle.

Calculate the work done to move a positively charged
particle of 2.5 x 10718 C a distance of 3.0 mm towards

a positive plate in a uniform electric field of 556 N C-1,

A particular electron gun accelerates an electron
across a potential difference of 15 kV, a distance of
12 cm between a pair of charged plates. What is the
magnitude of the force acting on the electron?

(Use g. = 1.6 x 1019 C))
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pole

potential difference
right-hand rules
solar wind
solenoid

voltaic pile

10

11

12

13

A charge of +q is placed a distance r from another

charge also of +q. A repulsive force of magnitude F

is found to exist between them. Choose the correct

options from the ones in bold to describe the

changes, if any, that will occur to the force in the
following situations.

a The distance between the charges is doubled to 2r,
so the force will halve/double/quadruple/quarter
and repel/attract.

b The distance between the charges is halved to 0.5r,
so the force will halve/double/quadruple/quarter
and repel/attract.

¢ The distance between the charges is doubled and
one of the charges is changed to —2q, so the force
will halve/double/quadruple/quarter and repel/
attract.

A gold(lIl) ion is accelerated by the electric field
created between two parallel plates separated by
0.020 m. The ion carries a charge of +3e and has

a mass of 3.27 x 1025 kg. A potential difference of
1000 V is applied across the plates. The work done
to move the ion from one plate to the other results in
an increase in the kinetic energy of the gold(lIl) ion.
If the ion starts from rest, calculate its final velocity.
(Use g, = -1.602 x 1071° C.)

Calculate the magnitude of the force that would exist
between two point charges of 5.00 mC and 4.00 nC
separated by 2.00 m. (Use k=9 x 10° N m2C2)

A point charge of 2.25 mC is positioned on top of

an insulated rod on a table. At what distance above
the point charge should a sphere of mass 3.00 kg
containing a charge of 3.05 mC be located, so that it
is suspended in the air?

(Use k=9 x 102 N m2 C2)

A charged plastic ball of mass 5.00 g is placed in a
uniform electric field pointing vertically upwards with
a strength of 300.0 N CL. Calculate the magnitude
and sign of the charge required on the ball in order to
create a force upwards that exactly equals the weight
force of the ball.



The following information relates to questions 14-16.

The diagram below shows a loop carrying a current I that
produces a magnetic field of magnitude B in the centre of
the loop. It is in a region where there is already a steady
field of magnitude B (the same magnitude as that due to I)
directed into the page. The resultant magnetic field has a
magnitude of 2B.

14 What would the magnitude and direction of the
resultant field be at the centre of the loop if the
current in the loop is switched off?

15 What would the magnitude and direction of the
resultant field at the centre of the loop be if the
current in the loop were doubled?

16 What would the magnitude and direction of the
resultant field at the centre of the loop be if the
current in the loop were reversed but maintained
the same magnitude?

17 Complete the following sentence by selecting the
best option.

The magnitude of the magnetic force on a conductor
aligned so that the current is running parallel to a
magnetic field is:

A dependent on the size of the current

B dependent on the size of the magnetic field

C dependent on the length of the conductor

D zero

E a maximum

18 The right-hand rule is used to determine the force
on a current-carrying conductor perpendicular to
a magnetic field. Identify what part of the hand
corresponds to the following physical quantities:
a magnetic force
b magnetic field
¢ current in the conductor.

19 The following diagrams (a) and (b) show two different
electron beams being bent as they pass through
two different regions of a uniform magnetic field of
equal magnitudes B, and B,. The initial velocities of
the electrons in the respective beams are v; and vs.
Complete the following sentence by choosing the
correct term from those in bold.

B /

@— | T )2 ]

20

21

22

23

24

25

26

27

For the electron beams to behave as shown in (a), v; is
equal to/less than v, and the region of the magnetic
field, By, must be acting out of/into the page.

How much current, I, must be flowing in a wire 3.2 m
long if the maximum force on it is 0.800 N and it is
placed in a uniform magnetic field of 0.0900 T?
Calculate the magnitude and direction of the magnetic
force on conductors with the following sets of data:

a B=1.0mT left,/=5.0 mm,I=1.0 mA up

b B=0.10Tleft,/=1.0cm,I=2.0A up

Calculate the force exerted on an electron

(g = 1.6 x 1012 C) travelling at a speed of

7.0 x 106 m s7! at right angles to a uniform

magnetic field of strength 8.6 x 103 T.

A horseshoe magnet is held vertically with the north
pole of the magnet on the left and the south pole of
the magnet on the right.

What is the direction of the magnetic force acting on
the wire?

Power lines carry an electric current in the Earth’s
magnetic field. Which would experience the greater
magnetic force: a north-south power line or an
east-west power line? Explain your answer.

Which of the following types of fields would you NOT
expect to be associated with radial fields?

A gravitational

B electrical

C magnetic

D all of the above

Two electrons approach each other at a distance of
5.4 x 10712 m. The charge on both the electrons is
-1.6 x 1071° C. What is the electrical force of repulsion
between the two electrons? (Use k = 9 x 10° N m? C2)
Two electrons approach each other at a distance of
5.4 x 10712 m. The mass of each electron is

9.1 x 10731 kg. What is the gravitational force

of attraction between the two electrons?

(Use G =6.67 x 1011 m3 kgl s2)
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CHAPTER

3 Applications of fields

As explained in the previous chapters, gravitational, magnetic and electric fields
affect things that are some distance away. There does not need to be direct contact
for fields to exert a force.

This chapter looks at the application of these gravitational, magnetic and electric
fields. You will use your understanding of fields to explain how DC motors operate,
to understand satellite motion and to predict how charged particles will behave in
electric fields.

Key knowledge

At the end of this chapter, you will have studied the application of fields and will be
able to:

+ analyse the use of a magnetic field to change the path of a charged particle,
including the radius of the path followed by a low-velocity electron in a

magnetic field:
my?

qu = e

+ apply the concepts of force due to gravity, Fz, and normal reaction force, Fy,
including satellites in orbit where the orbits are assumed to be uniform and circular

» model satellite motion (artificial, Moon, planet) as uniform circular orbital motion:

V2 _ 4mr

T

« investigate and analyse theoretically and practically the operation of simple DC
motors consisting of one coil, containing a number of loops of wire, which is free
to rotate about an axis in a uniform magnetic field and including the use of a split
ring commutator

» model the acceleration of particles in a particle accelerator (limited to linear
acceleration by a uniform electric field and direction change by a uniform

magnetic field).

VCE Physics Study Design extracts © VCAA (2015); reproduced by permission.




FIGURE 3.1.2 Newton realised that the
gravitational attraction of the Earth (Fy) was
determining the motions of both the Moon
and the apple.

3.1 Satellite motion

When Isaac Newton developed his law of universal gravitation, as discussed
in Chapter 1 ‘Gravity’, he was building on work previously done by Nicolaus
Copernicus, Johannes Kepler and Galileo Galilei. Copernicus had proposed a sun-
centred (heliocentric) solar system. Galileo had developed laws relating to motion
near the Earth’s surface and Kepler had devised rules concerned with the motion
of the planets. Kepler published his laws on the motion of planets 80 years before
Newton published his law of universal gravitation.

In this section, you will look at how Newton synthesised the work of Galileo
and Kepler and proposed that the force that was causing an apple to fall to the
Earth was the same force that was keeping the Moon in its orbit. Newton was
the first to propose that satellites could be placed in orbit around Earth, almost
300 years before it was technically possible to do this. Now, thousands of artificial
satellites are in orbit around Earth and are an essential part of modern life (see
Figure 3.1.1).

FIGURE 3.1.1 Astronauts on a repair mission to the Hubble Space Telescope (HST) in 1994. The
satellite initially malfunctioned, but the repair was successful and the HST is still going strongly.

NEWTON’S THOUGHT EXPERIMENT

A satellite is an object in a stable orbit around another object. Isaac Newton
developed the notion of satellite motion while working on his theory of gravitation.
He was comparing the motion of the Moon with the motion of a falling apple
and realised that it was the gravitational force of attraction towards the Earth that
determined the motion of both objects (see Figure 3.1.2). He reasoned that if this
force of gravity was not acting on the Moon, the Moon would move at constant
speed in a straight line at a tangent to its orbit.

Newton proposed that the Moon, like the apple, was also falling. It was
continuously falling to the Earth without actually getting any closer to the Earth.
He devised a thought experiment in which he compared the motion of the Moon
with the motion of a cannonball fired horizontally from the top of a high mountain.
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His thought experiment is illustrated in Figure 3.1.3. In this thought experiment,
if the cannonball was fired at a low speed, it would not travel a great distance before
gravity pulled it to the ground (see the shortest dashed line in Figure 3.1.3(b)). If it
was fired with a greater velocity, it would follow a less curved path and land a greater
distance from the mountain (see the next two dashed lines in Figure 3.1.3(b)).
Newton reasoned that, if air resistance was ignored and if the cannonball was fired
fast enough, it could travel around the Earth and reach the place from where it had
been launched (shown by the solid circular line in Figure 3.1.3(b)). At this speed,
it would continue to circle the Earth indefinitely even though the cannonball has no
propulsion system.

In reality, satellites could not orbit the Earth at low altitudes, because of air
resistance. Nevertheless, Newton had proposed the notion of an artificial satellite
hundreds of years before one was actually launched. Any object placed at the right
altitude with enough speed would simply continue in its orbit.

MASS AND WEIGHT

In Unit 2 Physics, the concept of weight force was introduced. You will recall that
the force of weight is another name for the gravitational force on an object when the
object is near the surface of a planet or other large body, e.g. the Earth or the Moon.

Weight force (F, or W) is equal to the mass (i) of the object multiplied by the
acceleration due to gravity (g) at the place you are measuring the weight. Therefore:

0 Fg=mg
where Fis the force due to gravity or weight (N)
m is mass of the object (kg)
g is the gravitational field strength (N kg™)

On the Earth, the value of g is taken as 9.80665 m s or 9.80665 N kg~!. This
is often rounded to 9.8 m s™2, or in some cases is approximated as 10 m s~ for ease
of calculations.

The weight force or weight of an object is measured in newtons and, because it is
a vector quantity, requires a direction. The weight of an object is always downwards,
towards the centre of the planet or moon, etc. (e.g. Earth).

NORMAL FORCE

If you exert a force against a wall, Newton’s third law says that the wall will exert an
equal but opposite force on you. If you push with a greater force, the wall will also
exert a greater force. This is shown in Figure 3.1.4.

(a) (b)

)] .

>

F on wall

B
F on wall

F on Joe

FIGURE 3.1.4 (a) If Joe exerts a small force on the wall, the wall exerts a small force on Joe. (b) When
Joe pushes hard against the wall, the wall pushes back just as hard! In both (a) and (b), the red and
green arrows are equal in size but opposite in direction. That is, Fo, joe by wail = —Fon wal by Joe-

(2)

(b) —

FIGURE 3.1.3 These diagrams show how a
projectile that was fired fast enough from a very
high mountain (a) would fall all the way around
the Earth and become an Earth satellite (b).
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stationary or
constant vertical
motion

F =0
net
Fy| |F,

FIGURE 3.1.6 In this case, the forces that act
on the person, Fy and F, are equal in size.

The person will ‘feel” his normal apparent weight.

accelerating
downwards

FIGURE 3.1.7 In this case, the forces that
act on the person in the lift cause him to
feel lighter than his normal apparent weight.
When accelerating downwards, Fy < F,.

accelerating
upwards

A

FIGURE 3.1.8 In this case, the forces that act
on the person in the lift cause him to feel
heavier than his normal apparent weight.
When accelerating upwards, Fy > Fg.

The force from the wall acts at right angles to the surface, i.e. it is normal to the
surface and is thus called a normal force. Like every force, a normal force is one
half of an action/reaction pair, so it is often called a normal reaction force. The
normal force is represented by Iy or N.

For an object at rest on the ground, the normal force will be equal in size to the
weight force of the object.

During many interactions and collisions, the size of the normal force changes.
For example, when a ball bounces, the forces that act on it during its contact with
the floor are its weight, F,, and the normal force, Fy, from the floor. The series of
diagrams shown in Figure 3.1.5 depict the changes in the magnitude of the normal
force throughout the bounce of a ball.

| ‘ ‘ ‘\ FN

a+ a* a+
v* \‘ |
F, F,

7777777777777 7 T777777777777

F,=0 F F,=0

g N

falling freely slowing down at rest! bouncing up going up and

slowing down

FIGURE 3.1.5 The forces acting on a bouncing ball before, during and after striking the floor.

When contact has just been made, the ball is compressed only slightly, indicating
that the force from the floor is minimal. This force then becomes larger and larger,
causing the ball to become more and more deformed. At the point of maximum
compression, the normal force is at its maximum value and the bouncing ball is
momentarily stationary.

The forces acting on a ball as it bounces (its weight, F,, and the normal force,
F\) are not an action/reaction pair. Both act on the same body, whereas Newton’s
third law describes forces that bodies exert on each other. A pair of action/reaction
forces that act during the bounce are the upwards force, Fy, that the floor exerts
on the ball and the downwards force that the ball exerts on the floor (not shown in
Figure 3.1.5). This downwards force is equal in magnitude to the normal force, so
it too varies during the bounce.

Apparent weight

Your apparent weight is the same size as the normal reaction force that acts
upwards on your feet from a surface. It results from your weight force pulling you
downwards onto the floor. The reason why the upwards reaction force is called your
‘apparent’ weight is because you do not feel the force you apply to the floor, you will
only experience with your senses the forces that are applied on you. What you feel
is the normal force acting up on you from the floor. Normally, when you stand on a
surface that is either stationary or in constant vertical motion, your apparent weight
is constant and equal to your weight force (see Figure 3.1.6).

The apparent weight that you experience changes when the surface you are
standing on is accelerating upwards or downwards. If the floor is accelerating
downwards at a rate less than 9.80 m s, your feet will be pressing less firmly on
the surface than when the floor was not accelerating. Therefore, the normal force
is also less and so your apparent weight appears to be less. That is, you would feel
lighter than usual (see Figure 3.1.7).

The opposite happens when the floor is accelerating upwards. In this case, the
floor is pushing up against your feet with a greater force than the normal reaction
force due to your weight alone. The upwards push of the floor must provide the
force to accelerate you upwards. This accelerating force adds to the normal force to
make it appear that your apparent weight is greater than it would be if you weren’t
accelerating. That is, you would feel heavier than usual (see Figure 3.1.8).
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The normal reaction force (felt as apparent weight) and the force due to gravity

(weight force) add as vectors to give the net force that causes the acceleration:

O r.=F+F,

where Fy is the apparent weight force that acts upwards on your feet

F4 is the weight force due to gravity (which never changes)

F et is the net force causing the acceleration

Worked example 3.1.1
CALCULATING APPARENT WEIGHT

A 79.0 kg student rides a lift up to the top floor of an office block. During the
journey, the lift accelerates upwards at 1.26 m s2 before travelling at a constant
velocity of 3.78 m s™1 and then finally decelerating at 1.89 m s=2.

a Calculate the apparent weight of the student in the first part of the journey
while accelerating upwards at 1.26 m s,

Thinking

Working

Ensure that the variables are in their
standard units.

m =79.0 kg
a=126ms2up
g=9.80 m s?down

Apply the sign and direction m =79.0 kg
convention for motion in one a=+126ms=2
dlmen_5|on. Up is positive and g=-980ms?
down is negative.
Apply the equation for apparent Fret = Fn+ Fg
weight (the normal force). Fn = Fret = Fg
=ma-—-mg
=(79.0 x 1.26) — (79.0 x -9.80)
=9954 +774.2
=874 N

b Calculate the apparent weight of the student in the second part of the journey
while travelling at a constant speed of 3.78 m s!.

Thinking Working
Ensure that the variables are in their m =79.0 kg
standard units. a=0ms>2

g=9.80 m s? down

Apply the sign and direction m =79.0 kg
convention for motion in one a=0ms>2
d|men_5|on. Up is positive and g=-980ms?
down is negative.
Apply the equation for apparent Fret = Fn + Fg
weight (the normal force). Fy = Foet = Fg
=ma-—-mg
=(79.0 x 0) — (79.0 x -9.80)
=0+774.2
=774 N
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¢ Calculate the apparent weight of the student in the last part of the journey
while travelling upwards and decelerating at 1.89 m s

Thinking Working
Ensure that the variables are in their m =79.0 kg
standard units. Also consider that a=-1.89ms2up

deceleration is a negative acceleration.
g g =9.80 m s2down

Apply the sign and direction convention | m = 79.0 kg
for motion in one dimension. Up is a=-189 ms2
positive and down is negative.

g=-9.80 ms32
Apply the equation for apparent weight | Fne = Fy + Fyq
or the normal force. Fu=F.—F
N net g
=ma—-mg
=(79.0 x =1.89) — (79.0 x =9.80)
=-1493 +774.2
=625 N

Worked example: Try yourself 3.1.1
CALCULATING APPARENT WEIGHT

A 79.0 kg student rides a lift down from the top floor of an office block to the ground.
During the journey the lift accelerates downwards at 2.35 m s72, before travelling at a
constant velocity of 4.08 m s™! and then finally decelerating at 4.70 m s

a Calculate the apparent weight of the student in the first part of the journey
while accelerating downwards at 2.35 m s™2.

b Calculate the apparent weight of the student in the second part of the journey
while travelling at a constant speed of 4.08 m s1.

¢ Calculate the apparent weight of the student in the last part of the journey
while travelling downwards and decelerating at 4.70 m s,

From these Worked examples, you can see that:

* when accelerating upwards the student will feel heavier than normal (Fy > mg)
(Note: this is the same as decelerating while travelling downwards)

e when accelerating downwards, the student will feel lighter than normal (Fy < mg)
(Note: this is the same as decelerating while travelling upwards)

e when travelling upwards or downwards at a constant velocity, the student will
feel their normal weight, just as they would if the lift was stationary (Fy = mg).

Apparent weightlessness

Defining apparent weight makes it possible to identify the situations in which you
will experience apparent weightlessness. Your apparent weight is a contact
reaction force that acts upwards on you from a surface because gravity is pulling
you down on that surface. So if you are not standing on a surface, then you will
experience zero apparent weight or apparent weightlessness. This means that you
will experience apparent weightlessness the moment you step off the top platform
of a diving pool or as you skydive from a plane, although the rushing air will hardly
let you experience the sensation of floating as you skydive.

AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?



Felix Baumgartner experienced apparent weightlessness as he fell from his
balloon 39 kilometres above the Earth (see Figure 3.1.9). This vertical height is
equivalent to the widest part of Port Phillip Bay.

FIGURE 3.1.9 Felix Baumgartner experienced apparent weightlessness on his return to Earth from 39000 m.

Astronauts also experience apparent weightlessness in the International Space
Station, which orbits about 370 kilometres above the surface of the Earth (about
the horizontal distance from Melbourne to the town of Orbost).

Whenever you are in free fall, you experience apparent weightlessness. It follows
then that whenever you experience apparent weightlessness, you must be in free
fall. When astronauts experience apparent weightlessness, they are not floating in
space as they orbit the Earth. They are actually in free fall. Astronauts and their
spacecraft are both falling, but not directly towards the Earth like Baumgartner.
The astronauts are actually moving horizontally, as shown in Figure 3.1.10.
Baumgartner stayed approximately above the same place on the Earth from where
he departed. Astronauts, on the other hand, are moving at a velocity relative to the
Earth so they are moving across the sky at the same time as they are falling. The
combined effect is that they fall in a curved path that exactly mirrors the curve of
the Earth. So they fall, but continually miss the Earth as the surface of the Earth
curves away from their path.

Importantly there is a significant difference between apparent weightlessness
and true weightlessness. True weightlessness only occurs when the gravitational
field strength is zero and hence F, = 0. This only occurs in deep space, far enough
away from any planets that their gravitational effect is zero. Apparent weightlessness,
however, can occur when still under the influence of a gravitational field.

path of
astronaut

T

FIGURE 3.1.10 Astronauts are in free fall while
orbiting the Earth.
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EXTENSION

Falling at constant speed

Galileo was able to show more than 400 years ago that
the mass of a body does not affect the rate at which it falls
towards the ground. However, our common experience is
that not all objects behave in this way. A light object, such
as a feather or a balloon, does not accelerate at 9.80 m s2
as it falls. It drifts slowly to the ground, far slower than
other dropped objects. Parachutists and skydivers also
eventually fall with a constant speed. However, they can
change their falling speed by changing their body profile,
as pictured in Figure 3.1.11. If they assume a tuck position,
they will fall faster and if they spread out their arms

and legs, they will fall slower. This enables them to form
spectacular patterns as they fall.

FIGURE 3.1.11 Skydivers performing intricate manoeuvres in free fall.

Skydivers, base-jumpers and air-surfers are able to
use the force of air resistance to their advantage. As a
skydiver first steps out of their plane, the forces acting
on them are drag (air resistance), F,, and weight due
to gravity, F,. Since their speed is low, the drag force is
small as shown in Figure 3.1.12(a). There is a large net
force (F,et) downwards, so they will experience a large
downwards acceleration of just less than 9.80 m s,
causing them to speed up. This causes the drag force to
increase because they are colliding harder with the air
molecules. In fact, the drag force increases in proportion
to the square of the speed, F,, o« v2. This results in a
smaller net force downwards as shown in Figure 3.1.12(b).
Their downwards acceleration is therefore reduced. It is
important to remember that they are still speeding up, but
at a reduced rate.

As their speed continues to increase, so too does the
magnitude of the drag force. Eventually, the drag force
becomes as large as the weight force due to gravity, as
shown in Figure 3.1.12(c). When this happens, the net
force is zero and the skydiver will fall with a constant
velocity. Since the velocity is now constant, the drag force
will also remain constant and the motion of the skydiver
will not change, as shown in Figure 3.1.12(d). This velocity
is commonly known as the terminal velocity.

net

(b)

(©)

(d)

FIGURE 3.1.12 The forces involved in skydiving.
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Natural satellites

Natural satellites have existed throughout the universe for billions of years.
The planets and asteroids of the solar system are natural satellites of the Sun (see
Figure 3.1.13).

The Earth has one natural satellite: the Moon. The largest planets—Jupiter and
Saturn—have more than sixty natural satellites each in orbit around them. Most
of the stars in the Milky Way galaxy have planets and more of these exoplanets are
being discovered each year.

FIGURE 3.1.13 The planets are natural satellites of the Sun. The planets closer to the Sun have a short

er orbital period than the larger gas giants.

ARTIFICIAL SATELLITES

Since the Space Age began in 1957 with the launch of Sputnik, about 6000
artificial satellites have been launched into orbit around the Earth. Today there
are around 4000 still in orbit, although only around 1200 of these are operational.

Satellites in orbit around the Earth are classified as low, medium or high orbit.
e Low orbit: 180 km to 2000 km altitude. Most satellites orbit in this range (an

example is shown in Figure 3.1.14).These include the Hubble Space Telescope,

which is used by astronomers to view objects right at the edge of the universe.

e Medium orbit: 2000 km to 36000 km altitude. The most common satellites
in this region are the Global Positional System (GPS) satellites used to run
navigation systems.

e High orbit: 36000 km altitude or greater. Australia uses the Optus satellites
for communications, and deep-space weather pictures come from the Japanese
MTSAT-1R satellite. The satellites that sit at an altitude of 36000 km and
orbit with a period of 24 hours are known as geostationary satellites
(or geosynchronous satellites). Most communications satellites are geostationary.

Earth satellites can have different orbital paths depending on their function:

e cquatorial orbits, where the satellite always travels above the equator

e polar or near-polar orbits, where the satellite travels over or close to the North
and South Poles as it orbits

¢ inclined orbits, which lie between equatorial and polar orbits.

Satellites are used for a multitude of different purposes, with 60 per cent used for
communications. Many low-orbit American NOAA satellites have an inclination of
99° and an orbit that allows them to pass over each part of the Earth at the same
time each day. These satellites are also known as Sun-synchronous satellites.

FIGURE 3.1.14 A low-orbit satellite called the
Soil Moisture and Ocean Salinity (SMOS) probe
was launched in August 2014. Its role is to
measure water movements and salinity levels
on Earth as a way of monitoring climate change.
[t was launched from northern Russia by the
European Space Agency (ESA).
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Three satellites

Geostationary Meteorological Satellite

MTSAT-1R

The Japanese MTSAT-1R satellite was launched in
February 2005, and orbits at 35800 km directly over

the equator. At its closest point to the Earth, known as

the perigee, its altitude is 35776 km. At its furthest point
from the Earth, known as the apogese, it is at 35798 km.
MTSAT-1R orbits at a longitude of 140° E, so it is just

to the north of Cape York and ideally located for use by
Australia’s weather forecasters. It has a period of 24 hours,
so is in a geostationary orbit.

Signals from MTSAT-1R are transmitted every 2 hours
and are received by a satellite dish on the roof of the
head office at the Bureau of Meteorology in Perth.
Infrared images show the temperature variations in the
atmosphere and are invaluable in weather forecasting.
MTSAT-1R is box-like and measures about 2.6 m along
each side. It has a mass of 1250 kg and is powered by
solar panels that, when deployed, take its overall length
to over 30 m.

Hubble Space Telescope (HST)

This cooperative venture between NASA and the
European Space Agency (ESA) was launched by the

crew of the space shuttle Discovery on 25 April 1990.
Hubble is a permanent unoccupied space-based
observatory with a 2.4 m-diameter reflecting telescope,
spectrographs and a faint-object camera. It orbits above
the Earth’s atmosphere, producing images of distant stars
and galaxies far clearer than those from ground-based
observatories (see Figure 3.1.15). The HST is in a
low-Earth orbit inclined at 28° to the equator. Its expected
life span was originally around 15 years, but service and
repair missions have extended its life and it is still in

use today.

National Oceanic and Atmospheric
Administration Satellite (NOAA-19)

Many of the US-owned and operated NOAA satellites
are located in low-altitude near-polar orbits. This means
that they pass close to the poles of the Earth as they
orbit. NOAA-19 was launched in
February 2009 and orbits at an
inclination of 99° to the equator. Its
low altitude means that it captures
high-resolution pictures of small
bands of the Earth. The data is used
in local weather forecasting as well
as to provide enormous amounts of
information for monitoring global
warming and climate change.

Table 3.1.1 provides data for the
three satellites discussed in this
section.

FIGURE 3.1.15 In August 2014, astronomers
used the Hubble Space Telescope to

detect the blue companion star of a white
dwarf in a distant galaxy. The white dwarf
slowly siphoned fuel from its companion,
eventually igniting a runaway nuclear
reaction in the compact star, which
produced a supernova blast.

T S T T M

MTSAT-1R equatorial
Hubble inclined 28°
NOAA-19 near polar 99°

TABLE 3.1.1 A comparison of the three satellites discussed in this section.

35776 35798 1 day
591 519) 96.6 min
846 866 102 min

80

AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?



PHYSICSFILE
SuitSatl

One of the more unusual satellites was launched from the International Space Station
on 3 February, 2006. It was an obsolete Russian spacesuit into which the astronauts
had placed a radio transmitter, batteries and some sensors. Its launch involved simply
being pushed off by one of the astronauts while on a spacewalk. SuitSatl was meant
to transmit signals that would be picked up by ham radio operators on Earth for a
few weeks, but transmissions ceased after just a few hours (see Figure 3.1.16). The
spacesuit burned up in the atmosphere over Western Australia in September 2006.

SuitSat2 was launched in August 2011 and contained experiments created by school
students. It re-entered Earth’s atmosphere in January 2012 after 5 months in orbit.

_ artificial satellite

FIGURE 3.1.16 This photograph does not show an astronaut drifting off to certain death in N
space. This is SuitSat1, one of the strangest satellites ever launched, at the start of its mission. S o 7

Artificial and natural satellites are not propelled by rockets or engines. They orbit

in free fall and the only force acting on them is the gravitational attraction between . ~

themselves and the body about which they orbit. This means that the satellites have -7 T ) Moon

a centripetal acceleration that is equal to the gravitational field strength at their F, RN

location (see Figure 3.1.17). Centripetal acceleration is covered in more detail in hRN .

Chapter 5 ‘Newtonian theories of motion’. AN
Artificial satellites are often equipped with tanks of propellant that are squirted 5

in the appropriate direction when the orbit of the satellite needs to be adjusted.

PHYSICSFILE

See the International Space Station (ISS) and other satellites

It is easy to see low-orbit satellites if you are away from city lights. The best time to look
is just after sunset. If you can, go outside and look for any slow moving objects passing
across the star background.

There are also many websites that will allow you to track and predict the real-time FIGURE 3.1.17 The only force acting on
these artificial and natural satellites is the

paths of satellites. You can use the NASA ‘Spot the Station” website to see when the gravitational attraction of the Earth. Both orbit
ISS is passing over your part of the planet. The ISS is so bright that it is easy to see with a centripetal acceleration equal to the
from most locations. gravitational field strength at their locations.
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Space junk

Today there are around 1200 satellites that are still in operation. There are also

around 2800 satellites that have reached the end of their operational life or have
malfunctioned but are still in orbit.

In 2007, a Chinese satellite was deliberately destroyed by a missile, creating
thousands of pieces of debris. In 2009, a collision between the defunct Russian
Cosmos 2251 and operational US Iridium 33 created even more debris. This
debris and the defunct satellites are classified as space junk (see Figure 3.1.18).

The presence of this fast-moving space junk puts the other satellites and the
International Space Station at risk from collision. Currently around 22 000 pieces
of space junk are being tracked and monitored. There have been a number of
occasions where satellites have been moved to avoid collisions with space junk.

The UN has passed a resolution to remove defunct satellites from low-Earth
orbits by placing them in much higher orbits, or bringing them back to Earth
and allowing them to burn up in the atmosphere.

FIGURE 3.1.18 An exaggerated map showing the location of space debris
and abandoned satellites in near-Earth orbits.

KEPLER’S LAWS

Kepler, a German astronomer (depicted in Figure 3.1.19), published his three laws
regarding the motion of planets in 1609. This was about 80 years before Newton’s
law of universal gravitation was published. Kepler was analysing the motion of the
planets in orbit around the Sun, but these laws can be used for any satellite in orbit
around any central mass.
Kepler’s laws are as follows:
1. The planets move in elliptical orbits with the Sun at one focus.
2. The line connecting a planet to the Sun sweeps out equal areas in equal intervals
of time (see Figure 3.1.20).
3. For every planet, the ratio of the cube of the average, orbital radius, 7, to the

square of the period, 7, of revolution is the same, i.e. 7?2 = a constant, k.

~ Planet

FIGURE 3.1.19 Johannes Kepler, who was the
first to work out that the planets do not travel in
circular paths, but rather in elliptical paths.

perihelion aphelion

FIGURE 3.1.20 The planets, which are natural satellites of the Sun, orbit in elliptical paths with the
Sun at one focus. Their speeds vary continually, and they are fastest when closest to the Sun. A line
joining a planet to the Sun will sweep out equal areas in equal times. So, for example, the time it
takes to move from R to S is equal to the time it takes to move from L to M, and so area A is the
same as area B.

Kepler’s first two laws proposed that planets moved in elliptical paths from
furthest point (the aphelion) to closest point (the perihelion). The closer the planet
was to the Sun, the faster it moved. It took Kepler many months of laborious
calculations to arrive at his third law. Newton used Kepler’s laws to justify the
inverse square relationship. In fact, Kepler’s third law can be deduced, for circular
orbits, from Newton’s law of universal gravitation.
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CALCULATING THE ORBITAL PROPERTIES OF SATELLITES

The speed, v, of a satellite can be calculated from its motion for one revolution.
It will travel a distance equal to the circumference of the circular orbit, 277, in the
time of one period, 7.

0 The speed, v, of a satellite in a circular orbit is given by:

_ distance _ 2mr
time T

where r is the radius of the orbit (m)
T is the time for one revolution, or the period (s)

The centripetal acceleration of a satellite can be determined from the
gravitational field strength at its location. Satellites are in free fall; therefore, the
only force acting is gravity, F,. The International Space Station (ISS) is in orbit
at a distance from Earth where g is 8.8 N kg™, and so it orbits with a centripetal
acceleration of 8.8 m s72.

The centripetal acceleration, a, of the satellite can also be calculated by
considering its circular motion. The equation for speed given above can be
substituted into the centripetal acceleration formula to give:

22 . 27r
a = — and since v = —
r T

2 2

ko 4mér

then =

Since the centripetal acceleration of the satellite is equal to the gravitational
field strength at the location of its orbit, and using the gravitational field strength
equation from Chapter 1, we can give the following expression.

6 The centripetal acceleration, a, of a satellite in circular orbit is given by:

_ V2 _4m’r _ GM _
a_r_ T2~ 2 =g

where v is the speed of the satellite (m s™)
r is the radius of the orbit (m)
T is the period of orbit (s)
M is the central mass (kg)
g is the gravitational field strength at r (N kg™!)

G is the gravitational constant, 6.67 x 107! N m? kg2

These relationships can be manipulated to determine any feature of a satellite’s
motion: its speed, radius of orbit or period of orbit. They can also be used to find
the mass of the central body around which the satellite orbits, M.

In the same way as with freely falling objects at the Earth’s surface, the mass of
the satellite itself has 7o effect on any of these orbital properties.

The gravitational force, Fj, acting on the satellite can then be found by using
Newton’s second law.

0 The gravitational force on a satellite of mass m in a stable circular orbit is
given by:

F = mv? _ 4n’rm _ GMm

g r fii2 2 =mg
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Worked example 3.1.2
WORKING WITH KEPLER’S LAWS

Determine the orbital speed of the Moon, assuming it is in a circular orbit
of radius 384000 km around the Earth. Take the mass of the Earth to be
5.97 x 10%* kg and use G = 6.67 x 10711 N m? kg2

Thinking Working

Ensure that the variables are in their r=384000 km = 3.84 x 108 m
standard units.

Choose the appropriate relationship _ GM _ V2
between the orbital speed, v, and the
data that has been provided.

Make v, the orbital speed, the subject V= {%
of the equation. r
Substitute in values and solve for the _ fG_M
orbital speed, v. r

_[6.67 x 10711) x (5.97 x 10%4)
- 3.84 x 108

=1.02x103m s

Worked example: Try yourself 3.1.2
WORKING WITH KEPLER’S LAWS

Determine the orbital speed of a satellite, assuming it is in a circular orbit
of radius of 42100 km around the Earth. Take the mass of the Earth to be
5.97 x 10%* kg and use G = 6.67 x 10711 N m? kg=2.

HOW NEWTON DERIVED KEPLER’S THIRD LAW USING
ALGEBRA

It took Kepler many months of trial-and-error calculations to arrive at his third law:

73
= constant.

Newton was able to use some clever algebra to derive this from his law of
universal gravitation:

F = man?r _ GMm

g T2 2 = mg
r _GM
T2 4n?

For any central mass, M, the term f—ﬁf is constant and the ratio ;—i is equal to this
constant value for all of its satellites (see Figure 3.1.21).

So, for example, if you know the orbital radius, 7, and period, 7, of one of the
moons of Saturn, you could calculate ;—i and use this as a constant value for all of
Saturn’s moons. If you knew the period, 7, of a different satellite of Saturn, it would
then be straightforward to calculate its orbital radius, 7.

e N

, .

// ,/' »l;’/“\\ \\ ‘

:’/ ! M\ . N \\\ |

. 1 c | o
[N al /7 1 FIGURE 3.1.21 These three satellites are at different distances
e o/ from Earth and hence according to Kepler's third |a3w will have
A ¢ s different orbital periods. For all three, the ratio of %2 will equal

the same constant value.
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Ganymede

Jupiter is orbited by more
than 60 known satellites,
the biggest of which is
Ganymede. Ganymede is
very large. It is the biggest
of all the moons in the solar
system and is even bigger
than the planet Mercury.

FIGURE 3.1.22 Ganymede.

Worked example 3.1.3
SATELLITES IN ORBIT

Ganymede is the largest of Jupiter's moons. It has a mass of 1.66 x 1023 kg, an

orbital radius of 1.07 x 10°® km and an orbital period of 6.18 x 103 s (7.15 days).

a Use Kepler’s third law to calculate the orbital radius (in km) of Europa,
another moon of Jupiter, which has an orbital period of 3.55 days.

Thinking Working

Note down the values for the known Ganymede:
satellite. You can work in days and r=1.07 x 105 km
km as this question involves ratio. T=7.15 days

Fgr all satellites of a central mass,
;—2 = constant. Work out this ratio
for the known satellite.

,3
= constant

_ (1.07 x 109)3
T 7192
=2.40 x 1016

Use this constant value with the ratio
for the satellite in question. Make
sure T is in days to match the ratio
calculated in the previous step.

Europa:
T=355days, r=7?

I’3
2= constant

- 2.40 x 1016
3,552 <
Make r3 the subject of the equation. r* =240 x 106 x 3,552
=3.02 x 10V
Solve for r. The unit for r is km as the r=33.02 x 1077
original ratio was calculated using km. =6.71 x 105 km

Note: Europa has a shorter period
than Ganymede so you should expect
Europa to have a smaller orbit than
Ganymede.
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b Use the orbital data for Ganymede to calculate the mass of Jupiter.

Thinking

Working

Note down the values for the known
satellite. You must work in Sl units to
find the mass value in kg.

Ganymede/Jupiter:
r=107x10°m
T=6.18x10%s

m =1.66 x 1023 kg
G=6.67 x 10711 N m2 kg2

a=T=7z =7 =8

M=7
Select the expressions from the Use the 3rd and 4th terms of the
equation for centripetal acceleration expression.
that best suit your data. 4m2r  GM
v 4m?r  GM _ T2 T2

These two expressions use the given
variables r and T, and the constant G,
so that a solution may be found for M.

Transpose to make M the subject.

423

M="Gr

Substitute values and solve.

B 412(1.07 x 1093
T 6.67 x 10711 x (6.18 x 10%)?

=190 x 10?7 kg

M

¢ Calculate the orbital speed of Ganymede in km sL.

Thinking

Working

Note values you will need to use in the

. 2mnr
equation v = -

Ganymede:
r=1.07 x 10% km
T=618x10%s

v=7
Substitute values and solve. The _2nr
answer will be in km sif ris T
expressed in km. _2m x 1.07 x 10°
T 6.18x10°
=109 kms!

Worked example: Try yourself 3.1.3

SATELLITES IN ORBIT

Callisto is the second largest of Jupiter’'s moons. It is about the same size as
the planet Mercury. Callisto has a mass of 1.08 x 1023 kg, an orbital radius of
1.88 x 10° km and an orbital period of 1.44 x 108 s (16.7 days).

a Use Kepler’s third law to calculate the orbital radius (in km) of Europa,
another moon of Jupiter, which has an orbital period of 3.55 days.

b Use the orbital data for Callisto to calculate the mass of Jupiter.

¢ Calculate the orbital speed of Callisto in km s™1.
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3.1 Review

A normal force, Fy, is the force that a surface
exerts on an object that is in contact with it. It acts
at right angles to the surface and changes as the
force exerted on the surface changes.

The apparent weight of an object is equal to the
normal reaction force acting on the object.
Apparent weight increases or decreases as the
surface you are standing on accelerates up or down.
Astronauts in orbit experience apparent
weightlessness as they are in free fall around

the Earth.

A satellite is an object that is in a stable orbit
around a larger central mass.

The only force acting on a satellite is the
gravitational attraction between it and the

central body.

KEY QUESTIONS

Determine the weight of a 6.50 kg box at the surface
of the Earth where g = 9.80 m s2 downwards.

A box of weight 150 N sits at rest on the floor. What is
the magnitude of the normal force acting on the box?
Calculate the apparent weight of a 45.0 kg child
standing in a lift that is accelerating upwards at

2.02 ms=

Calculate the apparent weight of a 45.0 kg child
standing in a lift that is moving upwards at a constant
speed of 4.04 m sL,

Which of the following objects has the greatest
apparent weight?

A a fly flying horizontally

B a walking fly

C a show-jumping horse mid jump

D the International Space Station

Which of the following is correct?

A Earth is a satellite of Mars.

B The Moon is a satellite of the Sun.

C Earth is a satellite of the Sun.

D The Sun is a satellite of Earth.

A geostationary satellite orbits above Singapore,
which is on the equator. Which of the following
statements about the satellite is correct?

A ltisin alow orbit.

B Itisin a high orbit.

C It passes over the north pole.

D Itis not moving.

10

Satellites are in continual free fall. They move
with a centripetal acceleration that is equal to
the gravitational field strength at the location of
their orbit.

The speed of a satellite, v, is given by:

_2nr
T
For a satellite in a circular orbit:
_ V2 _An?r _ GM _
R

The gravitational force acting on a satellite in a

circular orbit is given by:
_mv? _4m?m _ GMm

e~ f T 712 T2 TmE
For any central body of mass, M:
B _ GM

=22 constant, so knowing another
satellite’s orbital radius, r, enables its period, T,
to be determined.

A satellite of mass M is in a circular orbit around

the Moon. A module of mass M then attaches to the

original satellite so that the combined mass is now

2M. How does this affect the orbital properties of

the satellite?

A The speed of the satellite will decrease and the
period will increase.

B Both the speed and period of the satellite will
decrease.

C Both the speed and period of the satellite will
increase.

D Nothing will change.

The gravitational field strength at the location where
the Optus D1 satellite is in stable orbit around the
Earth is equal to 0.22 N kgl. The mass of this satellite
is 2.3 x 103 kg.
a Using only the information given, calculate the
magnitude of the acceleration of this satellite as
it orbits.
b Calculate the net force acting on this satellite as
it orbits.
One of Saturn’s moons is Atlas, which has an orbital
radius of 1.37 x 10° km and a period of 0.60 days.
The largest of Saturn’s moons is Titan. It has an orbital
radius of 1.20 x 10® km. What is the orbital period of
Titan in days?
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FIGURE 3.2.1 Michael Faraday’s electric motor.
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FIGURE 3.2.2 The magnetic force acting on each
side of a current-carrying square wire coil in a
magnetic field, B.

3.2 DC motors

Physicists have always been interested in the relationship between electricity and
magnetism because they wanted to understand the basic workings of the universe.
For the world at large, however, this understanding provided a more practical form
of excitement. It enabled the generation and use of electricity on a large scale. One
of the most obvious applications of the understanding of electromagnetism gained
in the 19th century is the electric motor.

DC MOTORS

The main components and the principles have been the same for all DC motors
since Michael Faraday built the first one in 1821 (see Figure 3.2.1). In Faraday’s
motor, a magnet was mounted vertically in a pool of mercury. A wire carrying a
current hung from a support above. (The mercury provided a path for the current.)
The magnetic field of the magnet spread outwards from the top of the magnet and
so there was a component of this field that was perpendicular to the wire. This
produced a horizontal force on the wire that kept it rotating around the magnet.
Use the right-hand rule from the previous chapter to convince yourself that if the
current flows down and the magnetic field points out from the central magnet, the
wire will rotate clockwise when viewed from above.

In modern direct current (DC) motors, a current-carrying coil of wire in a
magnetic field experiences a magnetic force, F, equal to #I/B on two or more of its
sides. In practice, many turns of wire (#) are used and the magnetic field is provided
by more than one permanent magnet or by an electromagnet.

The formula F = nlIB includes the number of coils of wire, 7, which equals 1 for
all the examples in this section. Therefore, ¥ = IIB will be used to solve problems
throughout this section.

Consider a single square coil of wire, with vertices ABCD, carrying a current, I,
in a magnetic field, B, as shown in Figure 3.2.2.

Initially the wire coil is aligned horizontally in a magnetic field, B, as in
Figure 3.2.2(a). Sides AD and BC are parallel to the magnetic field so no magnetic
force will act on them. Sides AB and CD are perpendicular to the field so both of
these sides will experience a magnetic force. Using the right-hand rule, there is a
downwards force on AB and an upwards force on CD. These two forces will act
together on the coil and cause it to rotate anticlockwise. If the coil is free to turn it
will move toward the position shown in Figure 3.2.2(b).

In Figure 3.2.2(b), there will be a magnetic force acting on every side of the
coil. However, the forces acting on sides AD and BC will be equal and opposite in
direction. They will tend to stretch the coil outwards but won’t affect its rotation.
The forces on sides AB and CD will remain and the coil will continue to rotate
anticlockwise.

As the coil rotates to the position shown in Figure 3.2.2(c), the forces acting
on each side are such that they will tend to keep the coil in this position. The force
on each side will act outwards from the coil. There are no turning forces at this
point, but any further rotation will cause a force in the opposite direction that will
cause the coil to rotate clockwise, back to this perpendicular position. For the coil
to continue to rotate anticlockwise at this point, the current direction needs to be
reversed. This is shown in Figure 3.2.2(d). With the current reversed, all of the
forces are reversed, and provided the coil has a little momentum to get it past
the perpendicular position, it will continue to rotate anticlockwise. This ability to
reverse the current direction at the point where the coil is perpendicular to the
magnetic field is a key design feature in DC motors. It is a commutator that allows
the current to be reversed.
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Michael Faraday

Michael Faraday (1791-1867), depicted in Figure 3.2.3, was an English scientist who
worked in the areas of chemistry and physics. He had little formal education. At the
age of fourteen he became the apprentice to a London bookbinder. During his
apprenticeship he read many of the books that came his way. At the age of 21 he
became a laboratory assistant to Sir Humphry Davy, who was one of the most
prominent scientists of the day. Faraday was a gifted experimenter and after returning
from a scientific tour through Europe with Davy, he began to be recognised in his own
right for the scientific work he was doing. He was admitted to the Royal Society at age
32. He is credited with the discoveries of benzene, electromagnetic induction and the
basis of the modern electric motor. He died in 1867 at Hampton Court. His
contributions to science, and in particular his work in the area of electromagnetism, are
recognised through the unit of measurement of capacitance known as the farad. In
Chapter 4 ‘Electromagnetic induction and transmission of electricity’, you will study
more of Michael Faraday’s work on electromagnetic induction.

Torque

The turning force that the coil experiences in an electric motor is referred to as the
torque on the coil. A torque is the turning effect of any force, for example, pushing
on a swinging door. To achieve the maximum effect, the force should be applied at
right angles to the door and at the largest distance possible from the point where the
door is hinged. This idea is illustrated in Figure 3.2.4.

hard N

O

Top view of door

FIGURE 3.2.4 The force required to open a swinging door decreases as the perpendicular distance
from the point of rotation increases and the torque, or turning effect, is maximised.

Torque is thus defined as:
0 T= l’lF
where 7 is the torque (N m)

r, is the perpendicular distance between the axis of rotation and the point
of application of the force (m)

F is the component of the force perpendicular to the axis of rotation (N)
In the case of a single square or rectangular coil, each of the two sides

perpendicular to the magnetic field will experience a force contributing to the total
torque, hence the total torque applied to the coil will be twice that acting on one side.

FIGURE 3.2.3 Michael Faraday.
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Worked example 3.2.1
TORQUE ON A COIL

A single square wire coil, ABCD, of side length 5.00 cm, is free to rotate within
a magnetic field, B, of strength 1.00 x 10 T. A current of 1.00 A is flowing
through the coil. What is the torque on the coil?

Thinking Working

Confirm that the coil will experience a Using the right-hand rule confirms
force based on the magnetic field and | that a downwards force applies on
current directions supplied. side AB. An upwards force applies
on side CD. The coil will turn
anticlockwise.

Sides AD and BC lie parallel to the
magnetic field and no force will apply.

Calculate the magnetic force on F=1B

one side. =1.0 x 0.0500 x 1.00 x 10
=5.00 x 10N

Determine the distance, r, from the length of side = 5.00 cm

point of rotation that the magnetic

. ) distance between axis of rotation and
force is applied.

application of force = % x side length

r=250cm
=0.0250 m
Calculate the torque applied by the t=r,F
magnetic force on one side of the coil. =0.0250 x 5.00 x 10-¢
=125x107Nm
Since two sides, AB and CD, both total torque = 2 x 1.25 x 107/
experience a magnetic force and =250x 107 Nm

hence a torque, the torque on one
side should be multiplied by 2 to find
the total torque. State the direction
of rotation.

The direction is anticlockwise.

Worked example: Try yourself 3.2.1
TORQUE ON A COIL

A single square wire coil, with a side length of 4.0 cm, is free to rotate within a
magnetic field, B, of strength 1.0 x 10 T. A current of 1.0 A is flowing through
the coil. What is the torque on the coil?

wV¥ ~
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PRACTICAL DC MOTORS

A basic single-coil electric motor with a simple arrangement to reverse the current
direction will work, but it won’t turn very smoothly. That’s because maximum
torque will only apply each half turn or twice for every full rotation. A number
of enhancements have been developed over time to make DC motors the highly
practical motive force they are today.

The commutator is usually made from a split ring of copper or another good
conductor on which conducting brushes (usually carbon blocks) rub. Each half
is connected to one end of the coil of wire. This arrangement of brushes prevents
the wire from becoming tangled as the coil rotates. The commutator reverses the
current at the point where the coil is perpendicular to the magnetic field, which
keeps the coil rotating (see Figure 3.2.5).

armature

brushes

commutator

FIGURE 3.2.5 The main parts of a simple but practical single-coil DC electric motor.

Practical motors will have many sets of coils of many turns each, spaced at an
angle to each other, as shown in Figure 3.2.6.

shaft

stator coils segmented commutator

spring-loaded brush holders

FIGURE 3.2.6 A typical multi-coil DC electric motor, showing the main components. Note that there
are many sets of coils offset by an angle from each other. The stator coils produce an electromagnet
that provides the magnetic field. The commutator feeds current to the armature coils in the position
where maximum torque will be experienced.

The coils are wound around a soft iron core to increase the magnetic field
that passes through them. The whole arrangement of core and coils is called an
armature (as shown in Figure 3.2.6). Permanent magnets are generally used to
provide the magnetic field in small motors, but in larger motors electromagnets
are used as they can produce larger and stronger fields. These magnets are usually
stationary, as distinct from the rotating rotor or armature, and are often referred to
as the stator. The commutator is arranged to feed current to the particular coil that
is in the best position to provide maximum torque. The total torque will be the sum
of the torques on all the individual coils.

Generally speaking, the larger the torque in an electric motor the better. This is
achieved by the use of a strong magnetic field, a large number of turns of wire in
each colil, a high current and a large area of coil. All this adds to the cost, so when
designing an electric motor, each aspect may be compromised to some extent in
light of its potential use.
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3.2 Review

« The magnetic force on a current-carrying wire
within a magnetic field is F = nl/B.

+ There is a torque on a coil of wire carrying a current
whenever the current is not parallel to the field.
Torque is defined as: t=r,F

» The wire coil of a simple DC motor keeps rotating
because the direction of current, and hence torque,
is reversed each half turn by the commutator.

KEY QUESTIONS

1 For which of the following situations is torque at a
maximum?
A when the force is applied perpendicular to the axis
of rotation
B when the force is applied parallel to the axis of
rotation
C when the force is applied at a maximum regardless
of direction
D when the force applied is zero
The information below applies to questions 2-7.
Part (a) of the diagram below depicts a top view of a single
current-carrying coil in an external magnetic field B.
Part (b) of the diagram is the corresponding cross-
sectional view as seen from point Y. The following
data apply:
B=0.10T,PQ=20cm,PS=QR=5.0cm,/=2.0A.

(a)

X .
P o Q top view
B : -
Aoy
S R
A iy
Y
(b) ) clockwise
o S® OR

3 anticlockwise

2 What is the magnitude and direction of the magnetic
force acting on side PS?

3 What is the magnitude and direction of the magnetic
force acting on side QR?

4 What is the magnitude of the force on side PQ?

* In the case of a single square or rectangular coil,
the total torque applied to the coil will be twice
that acting on the one side.

* The armature of a practical motor consists of
many coils that are fed current by the commutator
when they are in the position of maximum torque.

* The total torque will be the sum of the torques
on all the individual coils.

5 The coil is free to rotate about an axis through XY.
In what direction, as seen from Y, would the coil rotate?
6 Which of the following does not affect the magnitude
of the torque acting on this coil?
A the dimensions of the coil
B the magnetic field strength
C the magnitude of the current through the coil
D the direction of the current through the coil
7 What is the total torque acting on the coil?
The following information applies to questions 8-10.
The diagram shows a simplified version of a direct-
current motor.

X coil .7 Q Y

8 For the position of the coil shown, calculate the
magnitude of the force on segment WY when a
current of 1.0 A flows through the coil.

9 In which direction will the coil begin to rotate?
Give your reasoning.

10 Which of the following actions would cause the coil
to rotate faster?

A increasing the current

B increasing the magnetic field strength

C increasing the cross-sectional area of the coil
D all of the above
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3.3 Particle accelerators

Melbourne is the home to the most powerful synchrotron in the southern
hemisphere (see Figure 3.3.1). Looking something like a giant doughnut about
200 m in circumference, it produces beams of electromagnetic radiation, from
infrared, through visible light, to ‘hard’ X-rays.
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FIGURE 3.3.1 View of the inside of the Australian Synchrotron, taken from the mezzanine.

A synchrotron is a type of particle accelerator. Bunches of electrons are
accelerated around a huge evacuated ring to almost the speed of light to energies
as high as 3 billion electron-volts (3 x 10° eV). These charges are forced to follow
a curved path, due to the magnetic field generated by bending magnets. As they
accelerate around curves, the electrons give off bursts of radiation. This synchrotron
radiation is channelled down tubes called beamlines and utilised by researchers in
a range of experimental stations.

This section looks at the acceleration of charged particles in uniform electric
and magnetic fields, including the change of speed caused by electric fields and the
change of direction caused by magnetic fields.

PARTICLE ACCELERATORS

Particle accelerators are machines that were originally designed to investigate the
nature of matter by examining the structure of atoms and molecules. Charged
particles, such as electrons, protons or atomic nuclei, are accelerated to speeds
often close to that of light. These particles travel through an electric field, inside a
hollow tube pumped to an ultra-high vacuum, with pressures comparable to those
found in deep space. Strong magnets direct the particles to collide with a target or
with another moving particle. Scientists obtain information about the make-up of
the subatomic particles fired from the machine, or the target samples that are hit,
by analysing the types of collisions that occur.

One of the first particle accelerators was the Van de Graaff accelerator, similar
to the Van de Graaff generator (see Figure 3.3.2). Developed in the 1930s, it can
accelerate charged particles between metal electrodes to energies of about 15 MeV
before they collide with a fixed target. Currently, the world’s most powerful particle
accelerator is the Large Hadron Collider. It is located at CERN on the France—  FIGURE 3.3.2 This tandem Van de Graaff
Switzerland border. It can produce energies of 13 TeV. Two sets of particles can be ~ accelerator uses two generators to produce

. . . . . . . beams of charged particles that are accelerated
acce.:lf:rated in opposite dlre.ctlons around its central evacuated ring, to meet in a by potential differences of up to 10 million volts.
collision of mammoth energies!
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FIGURE 3.3.3 Cathode ray tube.

ACCELERATING CHARGED PARTICLES:
CHANGING THE SPEED

A cathode ray tube is a useful type of particle accelerator. Electrons are released
from a negative terminal, or hot cathode, in a vacuum, and accelerate towards a
positive terminal, or anode. The beam of electrons is collimated (narrowed) as it
passes through a slit, and releases light when it hits a fluorescent screen. A potential
difference of around 2—-3 kV exists between the cathode and the anode, which causes
the charged particles to accelerate. Older style televisions (before plasma, LCD and
LED screens were invented), visual display units and cathode ray oscilloscopes
(CROs) all consist of cathode ray tubes (see Figure 3.3.3).

A computer monitor, cathode ray oscilloscope or larger-scale particle accelerator
relies on a source of charged particles to be accelerated. The device used to provide
these particles is called an electron gun.

In an electron gun, electrons are, in effect, boiled off a heated wire filament, or
cathode, shown on the left in Figure 3.3.4. They are accelerated from rest across
an evacuated chamber towards a positively charged plate, or anode, due to the
electric field created between charged plates (see Figure 3.3.4). Once the electrons
continue through a gap in this positive plate, their motion can be further controlled
by additional electric and magnetic fields. Focusing magnets are also used to control
the width of the beam.

accelerating plates
+

filament
heater
circuit

FIGURE 3.3.4 Electron-gun assembly.

Consider an electric field acting on an electron as the result of a pair of oppositely
charged parallel plates connected to a DC power supply. The electron is attracted
to the positive plate and repelled from the negative plate. An electric field is acting
upon any charged particle within this region. This electric field is a vector quantity
and may be compared in some ways to the Earth’s gravitational field. Recall from
Chapter 2 that an electric field has units N C~! and is defined as:

ot

q
where F is the force (N) experienced by a charged particle due to an electric field
and ¢ is the magnitude of the electric charge of a particle in the field, in this case an
electron (1.6 x 1071 C).

A charge will then experience a force equal to gF when placed within such an
electric field.

Recall that the magnitude of the electric field may also be expressed as:

|4

E=3
where d is the separation of the plates (m) and 1”7 is the potential difference (V).
Combining these two relationships produces an expression for the force on a charge
within a pair of parallel charged plates:

F_V
g  d
_a
F_d
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In addition, calculations of the energy gained by an electron as it is accelerated
towards a charged plate by the electric field can be made. The work done in this
case is equivalent to:

W=ql
This equation can be used to calculate the increase in kinetic energy as an
electron accelerates from one plate to another.

If a charge is accelerated from rest from an electron gun, then:
Ek = W =q V

1 1
E = Emvz - Emuz

where 2 is the final velocity and  is the initial velocity of the charge. If the electron
accelerates from rest (# = 0), then this can be simplified to:

1
Ek = Emvz = qV

0 %mv2 =qV

This is often referred to as the electron-gun equation.

Worked example 3.3.1
CALCULATING THE SPEED OF ACCELERATED CHARGED PARTICLES

Determine the final speed of a single electron, with a charge of magnitude
1.6 x 1071% C and a mass of 9.1 x 103! kg, when accelerating across a potential
difference of 1.5 kV.

Thinking Working

Ensure that the variables are 15kV=15x103V
in their standard units.

Establish what quantities are v=7
known and what are required. | =16 x 1019C

m=9.1x 10731 kg

V=15x103%V
Substitute values into the _1 5
. qV =smv

electron-gun equation and 2 1
rearrange to solve for the 1.6 x 1019 x15x 103 = 5% 9.1 x 10731 x 2
speed. _[2X16x10P°x 15 x10°

a 9.1 x 103!

=23x%x10"ms!

Worked example: Try yourself 3.3.1
CALCULATING THE SPEED OF ACCELERATED CHARGED PARTICLES

Determine the final speed of a single electron, with a charge of magnitude
1.6 x 1071% C and a mass of 9.1 x 103! kg, when accelerating across a potential
difference of 1.2 kV.
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THE EFFECT ON A CHARGED PARTICLEIN A
MAGNETIC FIELD

To explore the forces acting on a beam of electrons in a particle accelerator (see
Figure 3.3.5), the effect of a magnetic field on a charged particle also needs to be
considered. From Chapter 2, recall that because an electric current is itself a stream
of moving charges, the magnitude of the force, F, on a charge, ¢, moving with
velocity, v, perpendicular to a magnetic field of strength B is given by:

F=quB

In the case of the magnetic force on an electron moving within the magnetic
field of a particle accelerator, the magnitude of charge, g, is equal to 1.6 x 107'° C.

The direction of the magnetic force exerted on the charge is predicted by the
right-hand rule. Note that the direction of current is defined as the direction in
which a positive charge would move, so this direction must be reversed to correctly
predict the direction of motion of an electron.

FIGURE 3.3.5 Electron beam being deflected by a magnet.

X X X X
electron
X
X
X X
magnetic field force acts at right
acting into screen angles to motion

FIGURE 3.3.6 An electron moving in a
magnetic field.

If a moving charge experiences a force of constant magnitude that remains at
right angles to its motion, its direction will be changed but not its speed. In this way,
bending magnets within a particle accelerator act to alter the path of the electron
beam, rather than to speed the electrons up. As a result, the electrons will follow a
curved path of radius 7, as shown in Figure 3.3.6.

In this case, the net force acting on the charge is:

F=ma

This is equivalent to the magnetic force on the charge, so that:

quB = ma

The acceleration in this situation is centripetal (towards the centre of the circular
path) and has magnitude:

a=-

96 AREA OF STUDY 1 | HOW DO THINGS MOVE WITHOUT CONTACT?



Substituting this relationship into the previous equation gives:
2

qu:T

Rearranging this equation gives an expression that predicts the radius of the
path of an electron travelling at right angles to a constant magnetic field:

i

qB

where r is the radius of the path (m)
m is the mass of the electron (9.1 x 1073! kg)
v is the speed of the charge (m s™)
q is the charge on the electron (1.6 x 107%° C)
B is the strength of the magnetic field (T)

This relationship can be used to calculate the radius of the path followed by
an electron travelling at right angles to any magnetic field. The electron could be a
low-velocity electron or could be a high-velocity electron that has been accelerated
by the powerful bending magnets within a particle accelerator.

Worked example 3.3.2

CALCULATING SPEED AND PATH RADIUS OF ACCELERATED CHARGED
PARTICLES

An electron gun releases electrons from its cathode which are then accelerated
across a potential difference of 32 kV, over a distance of 30 cm between a pair
of charged parallel plates. Assume that the mass of an electron is 9.1 x 1031 kg
and the magnitude of the charge on an electron is 1.6 x 10-1° C.

a Calculate the strength of the electric field acting on the electron beam.

Thinking Working
Ensure that the variables are in their 32kV=32x103=32x10%V
standard units. 30cm =030 m
Apply the correct equation. E= v
T d
Solve for E. E= 3.2 x 104
- 030
=1.1x10°Vm!

b Calculate the speed of the electrons as they exit the electron gun assembly.

Thinking Working
Apply the correct equation. %mvz =qV
Rearrange the equation to make v —
the subject. m
Solve for v. _,]2x1.6x1019x3.2x 104
v 9.1x 10731
=11x108ms!

CHAPTER 3 | APPLICATIONS OF FIELDS 97



¢ The electrons then travel through a uniform magnetic field perpendicular to
their motion. Given that this field is of strength 0.2 T, calculate the expected
radius of the path of the electron beam.

Thinking Working
Apply the correct equation. _mv
r =
gB
Solve for r. _91x103%x1.1x108
= "716x10°x02
=3.1x103m

Worked example: Try yourself 3.3.2

CALCULATING SPEED AND PATH RADIUS OF ACCELERATED CHARGED
PARTICLES

An electron gun releases electrons from its cathode which are accelerated across a
potential difference of 25 kV, over a distance of 20 cm between a pair of charged
parallel plates. Assume that the mass of an electron is 9.1 x 10-3! kg and the
magnitude of the charge on an electron is 1.6 x 1071° C.

a Calculate the strength of the electric field acting on the electron beam.

b Calculate the speed of the electrons as they exit the electron-gun assembly.

¢ The electrons then travel through a uniform magnetic field perpendicular to
their motion. Given that this field is of strength 0.3 T, calculate the expected
radius of the path of the electron beam.

| PHYSICS IN ACTION |

Thomson’s % experiment

The knowledge and use of the properties of electrons measured, allowing Thomson to find the charge-to-mass
are only relatively recent accomplishments in science. ratio (%) for the cathode rays. Thomson repeated the

It was not until 1897 that physicists were able to shed experiment with a variety of different cathodes to show
any light on the internal physical structure of the atom. that all cathode rays yielded the same value. His result
In that year, Joseph John Thomson demonstrated that produced a value of about 1 x 101! C kg'!; the accepted
cathode rays—rays emanating from a heated cathode value today is 1.76 x 10! C kgL,

in a vacuum—were particles that are fundamental : :

. . . electric magnetic cathode rays
constituents of every atom. For the first time, the atom deflection deflection coils deflected up
was shown to have component particles rather than + plates - / fti’glg'g%ﬂg
being indivisible. To indicate their importance, cathode cathode

rays were renamed electrons.

Thomson’s experiment with cathode rays was performed
in two stages (see Figure 3.3.7). At first the forces on a
beam of electrons were balanced using an electric and a
magnetic field, as shown by the central dotted line striking
the fluorescent screen in Figure 3.3.7. This enabled

|

cathode rays
undeflected

Thomson to find the speed of the electrons. Then the fluorescent screen
magnetic field was switched off, and the beam was FIGURE 3.3.7 J. J. Thomson’s apparatus for finding the charge to mass
deflected under the influence of the electric field alone, ratio (%) for cathode rays (electrons). In 1897, Thomson used an

as shown by the upper dotted line striking the fluorescent electron gun to produce a beam of electrons that could be deflected
A . by an electric and magnetic field within an evacuated tube.
screen in Figure 3.3.7. The deflection of the beam was
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PARTICLE ACCELERATORS

To study the basic constituents of matter, physicists accelerate particles such as
electrons and protons to very high speeds before crashing them into other particles.
The by-products from these collisions have revealed a vast array of sub particles and
led to a better understanding of the fundamental properties of these particles. One
of the key findings of recent particle accelerator experiments is the Higgs boson.

The particles are accelerated by electromagnetic fields, but very long paths
are required for the particles to obtain the extremely high speeds needed (very
close to the speed of light). To achieve this without the need for tunnels hundreds
of kilometres long, particles travel through very strong magnetic fields that cause
them to move in a circle. The Australian Synchrotron, near Monash University in
Melbourne, is 70 m in diameter.

The Australian Synchrotron accelerates electrons through an equivalent of
3000 million volts (3 GV). At this energy, they travel at 99.99999% of the speed of
light. Because of the relativistic effects that occur at these near-light speeds, their
effective mass is about 6000 times that at rest. Because they are being accelerated,
the electrons emit electromagnetic radiation. It is this light, ranging from infrared
through to X-ray wavelengths, that is used for the research projects being conducted
at the synchrotron (see Figure 3.3.8).

[ .

FIGURE 3.3.8 An inside view of the Australian Synchrotron.
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3.3 Review

SUMMARY

Particle accelerators are machines that accelerate
charged particles, such as electrons, protons or
atomic nuclei, to speeds close to that of light.

The device used to provide these particles is
called an electron gun.

The work done on a charged particle in an electric
field causes a change in the kinetic energy of the
particle. If the particle is accelerated from rest, the
work done is equal to the final kinetic energy,

W=qV= %mv2

KEY QUESTIONS

How are particle accelerators able to provide the
centripetal acceleration to change the direction of a
charged particle using electromagnetic fields?

A Charged particles are part of the electromagnetic
spectrum.

B Charged particles experience a force from the
magnetic field that is proportional to the particle’s
velocity, constantly accelerating the charged
particle.

C The accelerator is curved around the magnetic field.

D Charged particles will always accelerate when
placed in a vacuum.

An electron with a charge magnitude of 1.6 x 10°1° C
is moving eastwards into magnetic field of strength

B =1.5x 10-° T acting into the screen, as shown
below. If the magnitude of the initial velocity is

1.0 m s7!, what is the magnitude and direction

of the force it initially experiences as it enters the
magnetic field?

X X X X X
X X X X X
X X X X X
xX X X X X
£
m

Electrons in a cathode ray tube (CRT) are accelerated
through a potential difference of 2.5 kV. Calculate the
speed at which they hit the screen of the CRT.

The magnitude of the force on a charged object
within a magnetic field is given by F = qvB.

The right-hand rule is used to determine the
direction of the force on a positive charge moving
in a magnetic field, B. The direction of the force
on a negatively charged particle is in the opposite
direction.

The radius of the path of an electron travelling at

right angles to a uniform magnetic field is given

_mv
by r= 0B

An electron travelling at a speed of 7.0 x 106 m s!

passes through a magnetic field of strength

8.6 x 103 T. The electron moves at right angles

to the field.

a Calculate the force exerted on the electron by the
magnetic field.

b Given that this force directs the electron in a
circular path, calculate the radius of its motion.

An electron with speed 7.6 x 10° m s7! travels through
a uniform magnetic field and follows a circular path

of diameter 9.2 x 102 m. Calculate the magnetic field
strength through which the electron travels.

In an experiment similar to Thomson'’s for determining
the charge to mass ratio % of cathode rays (electrons),
electrons travel at right angles through a magnetic
field of strength 1.5 x 10* T. Given that they travel in
an arc of radius 6 cm and that % =1.76 x 10! C kg,

calculate the speed of the electrons.

A particle accelerator uses magnetic fields to
accelerate electrons to very high speeds. Explain,
using appropriate theory and relationships, how the
accelerator achieves these high speeds.

An electron beam travelling through a cathode

ray tube is subjected to simultaneous electric and
magnetic fields. The electrons emerge with no
deflection. Given that the potential difference across
the parallel plates X and Y is 3.0 kV, and that the
applied magnetic field is of strength 1.6 x 103 T,
calculate the distance between the plates.

100
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Chapter review

KEY TERMS

apparent weight
apparent weightlessness
armature

artificial satellites
cathode ray tube
centripetal acceleration
commutator

direct current
electromagnet
electron gun

free fall

geostationary satellite
natural satellite
normal reaction force

1 Calculate the apparent weight of a 45.0 kg child
standing in a lift that is decelerating at 3.15 m s
while travelling upwards.

2 Which description best describes the motion of
astronauts when orbiting the Earth?

A They float in a zero gravity environment.

B They float in a reduced gravity environment.

C They fall down very slowly due to the very
small gravity.

D They fall in a reduced gravity environment.

3 Select the statement below that correctly states how
a satellite in a stable circular orbit 200 km above the
Earth will move.

A It will have an acceleration of 9.8 m s=2.

B It will have constant velocity.

C It will have zero acceleration.

D It will have acceleration of less than 9.8 m s2.

4 What can be said about an object if that object
is orbiting the Earth in space and appears to be
weightless?

A ltisin free fall.

B Itis in zero gravity.
C It has no mass.

D It is floating.

5 A low-Earth-orbit satellite X has an orbital radius of r
and period T. A high-Earth-orbit satellite Y has orbital
radius of 5r. In terms of T, what is the orbital period
of Y?

6 The planet Neptune has a mass of 1.02 x 1026 kg.
One of its moons, Triton, has a mass of 2.14 x 1022 kg
and an orbital radius equal to 3.55 x 108 m.

a Calculate the orbital acceleration of Triton.
b Calculate the orbital speed of Triton.
¢ Calculate the orbital period of Triton (in days).

7 Ceres, the first asteroid to be discovered, was found
by Giuseppe Piazzi in 1801. Ceres has a mass of
7.0 x 10°0 kg and a radius of 385 km.

a What is the gravitational field strength at the
surface of Ceres?
b Determine the speed required by a satellite in order

to remain in orbit 10 km above the surface of Ceres.

particle accelerator
satellite

stator

synchrotron

torque

weight

The following information applies to questions 8-11.
Diagram (a) below shows an end-on view of a current-
carrying loop, LM. The loop is free to rotate about a
horizontal axis XY. You are looking at the loop from the
Y end of the axis. The same loop is seen from the top in
figure (b). Initially, arms L and M are horizontal (L;—M,).
Later they are rotated so that they are vertical (L,—M,).
The loop is located in an external magnetic field of
magnitude B directed east (at right angles to the axis of
the loop). Note the current directions in (a): out of the
page in M and into the page in L. With reference to the
up—-down, W-E cross arrows in (a):

(a)
B OM,
> up
—5® Y»‘\ On—> W+E
_ down
ML,
(b) X
L E M
]

8 When LM is aligned horizontally (L1-M1), what is the
direction of the magnetic force on:
a side L
b side M?
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Chapter review continued

9 In what direction, as seen from Y, will the loop rotate?
10 When LM is aligned vertically (L,—M,) what is the:
a direction of the magnetic force on side L
b direction of the magnetic force on side M
¢ magnitude of the torque acting on the loop?
Give a reason for your answer.

11 When LM is aligned vertically, which one of the
following actions will result in a torque acting on
the coil that will keep it rotating in an anticlockwise
direction? (Assume it still has some momentum
when it reaches the vertical position.)

A decrease the current through the loop
B increase the magnetic field strength
C reverse the direction of the current through the coil

12 Briefly explain the function of the commutator in an
electric motor.

13 Describe the basic set-up of cathode ray tubes and
how the electrons are accelerated through the tubes.

The following information relates to questions 14 and 15.

An electron-gun assembly emits electrons with energies of

10 keV. Ignore the effects of relativity when answering the

following questions.

14 Calculate the magnitude of the predicted exit velocity
of the electrons.

15 Upon exiting the electron-gun assembly, the electrons
enter a uniform magnetic field of 1.5 T acting
perpendicular to their motion. Calculate the predicted
radius of the electron beam.

16 The diagram below represents an electron being fired
at right angles towards a uniform magnetic field acting
out of the page.

O—>

a Copy the diagram and mark on it the continued
path you expect the electron will follow.

b Which factors would alter the path radius of
the electron as it travels?

17 A stream of electrons travels in a straight line through
a uniform magnetic field and between a pair of
charged parallel plates, as shown in the diagram.

X X X
3.5cm I
> > = 500V
\
X X X

Calculate the:

a electric field strength between the plates

b speed of the electrons, given that the magnetic
field is of strength 1.5 x 103 T.

18 Electrons in a cathode ray tube are accelerated
through a potential difference from a cathode to a
screen. Calculate the speed at which they hit the
screen if the potential difference between electrodes
is 4.5 kV.

19 An electron with speed of 4.3 x 106 m s! travels
through a uniform magnetic field and follows a
circular path of diameter 8.4 x 1072 m. Calculate
the magnetic field strength through which the
electron travels.

20 a Calculate the force exerted on an electron travelling
at speed of 6.4 x 10° m s! at right angles to a
uniform magnetic field of strength 9.1 x 103 T.

b Given that this force directs the electron in a
circular path, calculate the radius of its orbit.
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REVIEW QUESTIONS

1 Draw the electric field pattern in the space between
and around these two charges.

O ®

2 Two charges of +5 pC and —7 uC are positioned 0.4 m
apart in air. What is the force that acts between them?

3 Calculate the electric field strength and direction at a
distance of 3.5 mm directly to the left of a charge of
+9.4 uC.

The following information relates to questions 4-7.

Two parallel plates have a distance of 3.8 cm between

them and have a potential difference of 400 V

across them.

4 What is the size of the electric field strength between
the plates?
An electron is placed next to the negative plate.

5 What size force will be exerted on the electron?

6 What amount of energy in joules will be gained by
the electron?

7 What is the speed of the electron by the time it
reaches the positive plate?

8 Two metal plates have an electric field of 300 V m™!
between them and a separation distance of 12 cm.
What is the voltage across the plates?

The following information relates to questions 9-11.

In a Millikan oil drop experiment, an oil drop of mass

1.96 x 107 kg is stationary between two horizontal

parallel plates. The plates have a separation distance

of 1.6 mm with 240 V between them.

9 Determine the size and direction of the electric field
strength between the plates.

10 Calculate the size of the charge that must exist on the
oil drop.

11 How many excess electrons are on the drop?

12 Study the diagram of a simple cathode ray tube.
high voltage (DC)
+

slit

o
low h‘I/ <—screen

voltage
supply _I
]

?
heated filament anode
A B

=

REVIEW QUESTIONS 103

How do things move without contact?

13

14

15

16

What is the source of electrons in this device?
A the heated filament at A

B the positive anode at B

C the wires used in the circuit

D the screen used in the circuit

A particular electron gun accelerates an electron
across a potential difference of 15 kV, a distance of
12 cm between a pair of charged plates. Calculate
the magnitude of the force acting on the electron.

In an electron gun, an electron is accelerated by a
potential difference of 28 kV. At what speed will the
electrons exit the assembly?

If the electron in the previous question was
accelerated a distance of 20 cm between a pair of
charged parallel plates, then calculate the size of
the electric field strength acting on the electron.

The left diagram below represents two conductors,
both perpendicular to the page and both carrying
equal currents into the page (shown by the crosses in
the circles). In these questions ignore any contribution
from the Earth’s magnetic field. Choose the correct
options from the arrows A-D and letters E-G.

E Out of page
F Into page
G Zero field

What is the direction of the magnetic field due to the
two currents at each of the following points?

a pointP

b pointQ

¢ pointR
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An electromagnet with a soft iron core is set up as
shown in the diagram below. A small bar magnet
with its north end towards the electromagnet is
placed to the right of it. The switch S is initially open.
The following questions refer to the force between
the electromagnet and the bar magnet under
different conditions.

a Describe the force on the bar magnet while the
switch remains open.

b Describe the force on the bar magnet when the
switch is closed and a heavy current flows.

¢ The battery is removed and then replaced so
that the current flows in the opposite direction.
Describe the force on the bar magnet now when
the switch is closed.

The following information applies to questions 18-22.

22 The cable is no longer at right angles, but makes an
angle 6 with the direction of the Earth’s magnetic
field. What force would 100 A current passing through
this cable produce?

A the same magnetic force on the cable as when it
was horizontal

B a smaller magnetic force than when it was
horizontal

C alarger magnetic force than when it was horizontal

The following information applies to questions 23-26.

The following diagram shows a section of a conducting

loop XQPY, part of which is placed between the poles of a

magnet whose uniform field strength is 1.0 T. The side PQ

has length 5.0 cm. X is connected to the positive terminal
of a battery while Y is connected to the negative terminal.

A current of 1.0 A then flows through this loop.

The diagram below shows a horizontal, east-west electric

cable, located in a region where the magnetic field of the X
Earth is horizontal and has a magnitude of 1.0 x 107° T. % O
The cable has a mass of 0.05 kg m™. O
viewed from above
N T TR S U ,
magnetic
field direction
W E
S electric cable
(U )
18 What is the magnitude of the magnetic force on
a 1.0 m section of this cable if a 100 A current is 23 What is the magnitude of the force on side PQ?
flowing through it? 24 What is the direction of the force on side PQ?
19 What is the direction of the current that will produce 25 What is the magnitude of the force on a 1.0 cm
a force vertl.cally upwards on this cable? _ section of side XQ that is located in the magnetic field?
20 What magnitude of current.would be required to 26 The direction of the current through the loop is
proQuce zerg resulta7nt vertical force ona 1.0 m reversed by connecting X to the negative terminal and
section of this cable? Y to the positive terminal of the battery. What is the
21 Assume that a 100 A current is flowing through this direction of the force on side PQ?

cable from west to east. What would be the magnitude
of the change in magnetic force per metre on this
cable if the direction of this current was reversed?
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The following information relates to questions 27-29.

A rectangular coil containing 100 turns and dimensions
10 cm X 5 cm is located in a magnetic field B = 0.25T,
as shown. It is free to rotate about the axis XY. The coil
carries a constant current / = 200 mA flowing in the
direction ADCB.

X
e 1
- [
- 1
R ! B
5o 1
1
1
- T
- L
[
- T
- 1
1
_ [
3 1
1
- T
- L
D ! C
= 1
g 1
Y

27 What is the magnitude and direction of the magnetic
force on the following sides?
a AB
b DC

28 What is the magnitude and direction of the magnetic
force on the following sides?
A AD
B BC

29 Describe the likely motion of the coil if it is free
to rotate.

30 A student constructs a simple DC electric motor
consisting of N loops of wire wound around a wooden
armature, and a permanent horseshoe-shaped
magnetic of strength B. The student connects the
motor to a 9 V battery but is not happy with the speed
of rotation of the armature. Which one or more of the
following modifications will most likely increase the
speed of rotation of the armature?

A increase the number of turns N

B use a 12 V battery instead of a 9 V battery

C replace the wooden armature with one of soft iron

D connect a 100 Q resistor in series with the
armature windings

a The direction of the current in the coil is shown
(from D anticlockwise to A). What is the direction
of the force on sides AB and CD?

b In what position of the coil is the turning effect of
the forces greatest?

¢ At one point in the rotation of the coil the turning
effect becomes zero. Explain where this occurs and
why the motor actually continues to rotate.

32 A rectangular loop of 100 turns is suspended in a

magnetic field B = 0.50 T. The plane of the loop is

parallel to the direction of the field. The dimensions

of the loop are 20 cm perpendicular to the field lines
and 10 cm parallel to them.

a lItis found that there is a force of 40 N on each of
the sides perpendicular to the field. What is the
current in each turn of the loop?

b This loop is then replaced by a square loop of
10 cm each side, with twice the current and half
the number of turns. What is the force on each of
the perpendicular sides now?

¢ The original rectangular loop with the original
current is returned but a new magnet is found
which provides a field strength of 0.80 T. What is
the force on the 20 cm side now?

33 If an electron travels through a magnetic field of

strength 1.2 T with a speed of 4.2 x 106m s,
calculate the radius of the path it will follow.

34 This diagram shows a stream of electrons entering

a magnetic field. Reproduce the diagram and show
the subsequent path of the electrons through the
magnetic field.

X X X

X X X
electrons

X X X

REVIEW QUESTIONS
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35 An electron beam travelling through a cathode
ray tube is subjected to simultaneous electric and
magnetic fields. The electrons emerge with no
deflection. Given that the potential difference across
the parallel plates X and Y is 3 kV, and that the
applied magnetic field is of strength 1.6 x 102 T,
calculate the distance between plates X and Y.

36 Use Newton’s law of universal gravitation to calculate
the size of the force between two masses of 24 kg
and 81 kg, with a distance of 0.72 m between
their centres.

The following information relates to questions 37-40.

Consider an astronaut inside a spacecraft from launch to

a stable orbit. Choose your answers to questions 37 to 40

from the following options:

A apparent weightlessness
B weightlessness

C apparent weight

D gravitational force

E none of the above

37 As the astronaut and spacecraft are launched which
of the above will be greater than normal?

38 As the astronaut and spacecraft are launched, which
of the above will remain constant?

39 As the astronaut and spacecraft are in a stable
orbit above the Earth, which of the above will apply
to the astronaut?

40 If the astronaut and spacecraft ventured into deep
space, which of the above would apply to the
astronaut?

The following information applies to questions 41-44.

A 10000 kg spacecraft is drifting directly towards the

Earth. When it is at an altitude of 600 km, its speed

is 1.5 km s7. The radius of the Earth is 6400 km.

The following graph shows the force on the spacecraft

against distance from the Earth.

A

10 A1

Force (x 10* N)

6.0 7.0 8.0 9.0
Distance from centre of the Earth x (10° m)
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How much gravitational potential energy would the
spacecraft lose as it falls to a distance of 6500 km?

42 Determine the speed of the spacecraft at a distance of
6500 km.

43 What is the weight of the spacecraft when it is at an
altitude of:

a 3600 km?
b 6.0x 10°m?

44 How does the acceleration of the spacecraft change as
it moves from an altitude of 600 km to an altitude of
100 km? Include numerical data in your answer.

The following information applies to questions 45-47.

The ATV2 satellite was launched by the European Space

Agency in February 2011 to deliver supplies to the

International Space Station. The ATV2 satellite is in a

circular orbit of radius 6.73 x 106 m.

The following information may be required to answer

these questions.

Mass of ATV2 satellite and cargo = 1.2 x 10% kg

Mass of Earth = 5.98 x 10%* kg

Radius of Earth = 6.37 x 10° m

45 What is the weight of the ATV2 and cargo when it is in
its orbit?

46 Calculate the orbital period of the ATV2 satellite.

47 The satellite delivers its cargo to the ISS and now
orbits with a mass of just 6.0 tonnes. How does this
reduced mass affect the orbital period of the ATV2?

The following information applies to questions 48-50.

A small asteroid has just smashed into the surface of

Mars and a lump of Martian rock of mass 20 kg has been

thrown into space with 40 MJ of kinetic energy. A graph

of gravitational field—distance from the surface of Mars is
shown below.

4.0
3.0

2.0

g (Nkg™)

1.0+

O T T

o
cy

0 20 4.0 6.0 80 1
Altitude (x 10° m)

48 What is the gravitational force acting on the Martian
rock when it is at an altitude of 300 km?

49 How much kinetic energy (in MJ) does the rock lose
as it travels from the surface of Mars to an altitude of
6.0 x 105 m?

50 The rock eventually comes to a stop and starts to
fall back towards Mars. Without actually doing the
calculations, explain how you would determine the
altitude at which the rock stopped.
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CHAPTER

4 Electromagnetic induction and
transmission of electricity

In this chapter, electromagnetic induction—the creation of an electric current from a
changing magnetic flux—is explored.

In 1831, Englishman Michael Faraday and American Joseph Henry independently
discovered that a changing magnetic flux could induce an electric current in a
conductor. This discovery made possible the production of vast quantities of
electricity. Today, whether the primary energy source is burning coal, wind, nuclear
fission or falling water, the vast bulk of the world’s electrical energy production is
the result of electromagnetic induction.

Key knowledge

At the end of this chapter you will have investigated the generation of electricity by
electromagnetic induction and the transmission of electricity. You will be able to:

« calculate magnetic flux when the magnetic field is perpendicular to the area, and
describe the qualitative effect of differing angles between the area and the field;
ie. g =BA
investigate and analyse theoretically and practically the generation of
electromotive force (emf) including AC voltage and calculations using induced
emf: e= —N% with reference to:

- rate of change of magnetic flux

- number of loops through which the flux passes

- direction of induced emf in a coil

explain the production of DC voltage in DC generators and AC voltage in
alternators, including the use of split-ring commutators and slip rings respectively
compare sinusoidal AC voltages produced as a result of the uniform rotation of a
loop in a constant magnetic field with reference to frequency, period, amplitude,
peak-to-peak voltage (V,,) and peak-to-peak current (/,_,)

compare alternating voltage expressed as the root-mean-square (rms) to a
constant DC voltage developing the same power in a resistive component
convert between rms, peak and peak-to-peak values of voltage and current

analyse transformer action with reference to electromagnetic induction for an
. Ny _ Vi _ b

ideal transformer: NV

analyse the supply of power by considering transmission losses across
transmission lines

identify the advantage of the use of AC power as a domestic power supply.
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4

- 1

IS
R Ak
s %7 '\\‘
: ‘\\ S\ N

VCE Physics Study Design extracts © VCAA (2015); reproduced by permission.




FIGURE 4.1.1 Michael Faraday’s original
induction coil. Passing a current through
one coil induces a voltage in the second
coil by a process called mutual inductance.
This coil is now on display at the Royal
Institution in London.

PHYSICSFILE

Models and theories

Michael Faraday was not alone in

the discovery of electromagnetic
induction. Joseph Henry (1797-1878),
an American physicist, independently
discovered the phenomenon of
electromagnetic induction a little ahead
of Michael Faraday, but Faraday was
the first to publish his results. Henry
later improved the design of the
electromagnet, using a soft iron core
wrapped in many turns of wire. He
also designed the first reciprocating
electric motor. Henry is credited with
first discovering the phenomenon

of self-induction, and the unit of
inductance is named after him. He
also introduced the electric relay,
which made the sending of telegrams
possible. Henry was the first director
of the Smithsonian Institution.

While Faraday will be largely referred
to throughout this text, it is worth
noting that there can be a number of
contributors who together build on the
understanding of key ideas. Joseph
Henry’s contributions should not be
forgotten.

4.1 Inducing anemfin a
magnetic field

After Oersted’s discovery that an electric current produces a magnetic field (see
Section 2.3 on p45), Michael Faraday, an English scientist, was convinced that
the reverse should also be true—a magnetic field should be able to produce an
electric current.

Faraday wound two coils of wire onto an iron ring (see Figure 4.1.1).
By connecting a battery to one of the coils he created a strong current through
one coil which therefore created a strong magnetic field. He expected to then
detect the creation of an electric current in the second coil. No matter how strong
the magnetic field, he could not detect an electric current in the other coil.

One day he noticed that the galvanometer (a type of sensitive ammeter) attached
to the second coil flickered when he turned on the current that created the magnetic
field. It gave another flicker, in the opposite direction, when he turned the current
off. It was not the strength of the magnetic field that mattered, but the change in
the magnetic field.

The creation of an electric current in a conductor due to a change in the magnetic
field acting on that conductor is now called electromagnetic induction. This
section focuses on this concept.

CREATING AN ELECTRIC CURRENT

In his attempts to produce an electric current from a magnetic field, Faraday had
no success with a constant magnetic field but was able to observe the creation of an
electric current whenever there was a change in the magnetic field. This current is
produced by an induced emf, €. Although the term emf is derived from the name
electromotive force, it is a voltage, or potential difference, rather than a force.
Figure 4.1.2 indicates the induction of emf, and therefore current, caused by the
perpendicular movement of a conducting wire relative to a magnetic field.

Key

Direction of move wire down:
_ movement

current is induced

Direction

of current

Direction of

magnetic field
keep wire still:
no current

move wire up:
current is induced
in the opposite
direction

move wire parallel
to field of magnet:
no current

FIGURE 4.1.2 Electromotive force (emf) is induced in a wire when it moves perpendicular to a
magnetic field.
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MAGNETIC FLUX

To be able to develop ideas about the change in a magnetic field that induces an
emf which can then create (or induce) a current, it is useful to be able to describe
the ‘amount of magnetic field’. This amount of magnetic field is referred to as the
magnetic flux, a scalar quantity, denoted by the symbol @y. Faraday pictured
a magnetic field as consisting of many lines of force. The density of the lines
represents the strength of the magnetic field. Magnetic flux can be related to the
total number of these lines that pass within a particular area. A strong magnetic
field acting over a small area can produce the same amount of magnetic flux as
a weaker field acting over a larger area, as shown in Figure 4.1.3. For this reason,
magnetic field strength, B, is also referred to as magnetic flux density. B can be
thought of as being proportional to the number of magnetic field lines per unit area
perpendicular to the magnetic field. The magnetic flux will be at a maximum when
the area examined is perpendicular to the magnetic field and zero when the area
being examined is parallel to the magnetic field.

(@) B (b)

| ghill

FIGURE 4.1.3 Magnetic flux. A strong magnetic field acting over a small area (a) will have the same
magnetic flux as a weaker magnetic field acting over a larger area (b).

Based on this, magnetic flux is defined as the product of the strength of the
magnetic field, B, and the area of the field perpendicular to the field lines, i.e.

O o.-84

where @y, or simply @, is the magnetic flux. The unit for magnetic flux is the
weber, abbreviated to Wb, where 1 Wb =1 T m=2

B is the strength of the magnetic field in tesla (T)

A is the area perpendicular to the magnetic field, measured in square
metres (m?).

The subscript | is included in the formula to indicate that the area referred to is
perpendicular to the magnetic field.

Since it is the area perpendicular to the magnetic field, the angle between the
magnetic field and the area through which the field passes will obviously affect
the amount of magnetic flux. As the angle increases or decreases from 90° the
amount of magnetic flux will decrease, until reaching zero when the area under
consideration is parallel to the magnetic field. Referring to Figure 4.1.4, then the
relationship between the amount of magnetic flux and the angle 0 to the field is:

0 @y =BA cos 0

It is important to note that 6 is not the angle between the plane of the area and
the magnetic field. Rather, it is the angle between a normal to the area and the
direction of the magnetic field; hence the use of cos 6. When the area is at right
angles to the magnetic field, the angle 8 between the normal and the field is 0° and
cos 0° =1 (top diagram in Figure 4.1.4). When the area is parallel to the magnetic
field, the angle 6 between the normal and the field is 90° and cos 90° = 0 (bottom
diagram in Figure 4.1.4).

b A
A A
L A J‘
- -
A
0
A\g//' 7z
Ay ®,=BA
®,=0
A<w{----

FIGURE 4.1.4 The magnetic flux is the strength
of the magnetic field, B, multiplied by the area
perpendicular to the magnetic field, given by
A cos 6 and shown as the shaded areas in the
above diagrams.

CHAPTER 4 | ELECTROMAGNETIC INDUCTION AND TRANSMISSION OF ELECTRICITY 109



110

Worked example 4.1.1
MAGNETIC FLUX

A student places a horizontal square coil of wire of side length 5.0 cm into a
uniform vertical magnetic field of 0.10 T. How much magnetic flux ‘threads’
the coil?

Thinking Working
Calculate the area of the coil side length = 5.0 cm
perpendicular to the magnetic field. =0.05m
area of the square = (0.05 m)?2
=0.0025 m?

Calculate the magnetic flux. @y =BA

=0.1 x0.0025

=0.00025 Wb

State the answer in an appropriate form. | &g = 2.5 x 10 Wb or 0.25 mWb

Worked example: Try yourself 4.1.1
MAGNETIC FLUX

A student places a horizontal square coil of wire of side length 4.0 cm into a
uniform vertical magnetic field of 0.050 T. How much magnetic flux ‘threads’
the coil?

Note that in Worked example 4.1.1 an area of 5 cm x 5 cm = 25 cm? was
considered, and this corresponds to 0.0025 m? or 25 x 10™* m?, so:

0 1cm?=1x10"*m?

THE INDUCED EMF IN A MOVING CONDUCTOR

It was discovered that a change in the magnetic field, when a magnet is moved closer
to a conductor, leads to an induced emf that in turn produces an induced current.
While Faraday largely based his investigations on induced currents in coils, another
way of inducing an emf is by moving a straight conductor in a magnetic field. It’s
not hard to understand why this is the case, when you know that charges moving in
a magnetic field will experience a force.

In Chapter 2, it was established that when a charge, ¢, moves at a speed, v,
perpendicular to a magnetic field, B, the charge experiences a force, F, equal to
quB. So:

0 F=qvB

Considering the direction of movement shown in Figure 4.1.5, the force on the
positive charges within the moving conductor would be along the conductor and
out of the page. The force on the negative charges within the conductor would be
along the conductor but into the page.

FIGURE 4.1.5 A potential difference, AV, will be
produced across a straight wire moving to the left
in a downward-pointing magnetic field.
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As the charges in Figure 4.1.5 move apart due to the force they are experiencing
from the magnetic field, one end of the conductor will become more positive, the
other more negative and a potential difference, AV, or emf will be induced between
the ends of the conductor.

Consider now an electron moving along the conductor. The force from the
magnetic field will do work on the electron as it moves along a length, /.'To calculate
the work done:

W = force x distance = qvB X [

The emf is equal to the work done per unit charge, so:

E= L_V = _qlvB
q q
and thus:

O -8
where ¢ is the induced emf (V)
Lis the length of the conductor (m)
v is the speed of the conductor perpendicular to the magnetic field (m s7%)

B is the strength of the magnetic field (T)

Worked example 4.1.2
ELECTROMOTIVE FORCE ACROSS AN AIRCRAFT’S WINGS

Will a moving airplane develop a dangerous emf between its wing tips solely from
the Earth’s magnetic field? An aircraft with a wing span of 64 m is flying at a
speed of 990 km h-1 at right angles to the Earth’s magnetic field of 5.0 x 105 T.

Thinking Working
Identify the quantities required in the e=7?
correct units. /=64 m
B=50x105T
v =990 km h!
_ 1000
= 990 * 3600
=275 ms
Substitute into the appropriate e=IvB
formula and simplify. =64 x 275 x 5,0 x10-5
=088V
State your answer as a response to e=088V
the question. This is a very small emf and would
not be dangerous.

Worked example: Try yourself 4.1.2

ELECTROMOTIVE FORCE ACROSS AN AIRCRAFT’S WINGS

50x 10°T.

Will a moving airplane develop a dangerous emf between its wing tips solely
from the Earth’s magnetic field? A fighter jet with a wing span of 25 m is flying
at a speed of 2000 km h1 at right angles to the Earth’s magnetic field of
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Worked example 4.1.3
FLUID FLOW MEASUREMENT

blood within the artery?

The rate of fluid flow within a vessel can be measured using the induced emf
when the fluid contains charged ions. A small magnet and sensitive voltmeter
calibrated to measure speed are used. This can be applied to measure the flow
of blood (which contains iron in solution) in the human body. If the diameter
of a particular artery is 2.00 mm, the strength of the magnetic field applied is
0.10 T and the measured emfis 0.10 mV, what is the speed of the flow of the

artery

electrodes

L

voltmeter

——

Thinking

Working

Identify the quantities required and put
them into Sl units.

e=0.10mV=10x10*V
[=2.00 mm=2.00x103m
v="7"

B=0.10T
Rearrange the appropriate formula, e=IvB
substitute and simplify. _ &
V=B
_ 1.0 x 10
T 200x103x0.10
=0.50 m s
State your answer with the correct units. | v=0.50 m s!

Worked example: Try yourself 4.1.3

FLUID FLOW MEASUREMENT

The rate of fluid flow within a vessel can be measured using the induced emf
when the fluid contains charged ions. A small magnet and sensitive voltmeter
calibrated to measure speed are used. This can be applied to measure fluid
flow in small pipes. If the diameter of a particular small pipe is 1.00 cm, the
strength of the magnetic field applied is 0.10 T and the measured emf is
0.50 mV, what is the speed of the fluid flow?

pipe

electrodes

e

to voltmeter

—

fluid
flow
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4.1 Review

SUMMARY

* An induced emf, g is produced by a changing
magnetic flux in a process called electromagnetic
induction.

+ Magnetic flux is defined as the product of the
strength of the magnetic field, B, and the area
of the field perpendicular to the field lines,

i.e. ®g = B/A.

+ The amount of magnetic flux varies with the angle
of the field to the area under investigation. It is a
maximum when the area is perpendicular (90°)
and zero when the area is parallel to the field.

i.e. @z = BA cos 6.

KEY QUESTIONS

The same square loop of wire as in Question 3 is
initially perpendicular to the magnetic field. The loop
is free to rotate about a vertical axis XY.

Describe what happens to the amount of magnetic
flux passing through the loop as the loop is rotated
through one complete revolution.

A circular coil of wire, of radius 5.0 cm, is perpendicular
to a region of uniform magnetic field, B = 1.6 mT.

What is the magnetic flux passing through the loop?

The unit for magnetic flux is the weber, Wb;
1Wb=1Tm=2

The induced emf in a straight conductor moving
in a magnetic field, B, is given by € = IvB,

where v.1B.

1 Which of the following scenarios will not induce an 6 A moving rod 12 cm long is being moved at a speed
emf in a long, straight conductor? of 0.150 m s! perpendicular to a magnetic field,
A A magnet is stationary alongside the conductor. B. If the strength of the magnetic field is 0.800 T,
B A magnet is brought near the conductor. calculate the induced emf in the rod.
C The conductor is brought into a magnetic field. 7 A metal rod is 13.2 cm long. It generates an emf of
D The conductor is rotated within a magnetic field. 100 mV while moving perpendicular to a magnetic
A student places a 4.0 cm square coil of wire parallel field of strength 0.90 T. At what speed is it moving?
to a uniform vertical magnetic field of 0.050 T. 8 A metal rod generates an emf of 80 mV while moving
How much magnetic flux ‘threads’ the coil? at a speed of 1.6 m s™1 perpendicular to a magnetic
A square loop of wire, of side 4.0 cm, is in a region field of strength 0.50 T. How long is the metal rod?
of uniform magnetic field, B = 2.0 x 103 T north, 9 Arod of length 10 cm and very small diameter is
as in the diagram below. The loop is free to rotate held vertically and dropped downwards through a
about a vertical axis XY. When the loop is in its initial vertically-upwards-directed magnetic field of strength
position, its plane is perpendicular to the direction of 0.80 T. If the rod’s initial speed was zero, what would
the magnetic field. What is the magnetic flux passing be the induced emf in the rod at an instant 5.0 s after
through the loop? it was dropped?
X 10 Calculate the magnitude of the induced emf between
: the ends of the wings of an aircraft whose wingspan
' W is 20 m, given that the aircraft is moving at a speed
><N of 1000 m s7! in the magnetic field of the Earth in a
S E plane perpendicular to the lines of the field, where the
//'v 4.0 cm flux density is 2.5 x 1075 T.
B e 3
Y
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4.2 Induced emf from a changing
magnetic flux

Faraday’s early experiments largely centred on investigating electromagnetic
induction in coils, or multiple loops, of wire. Faraday found that if a magnet is
quickly moved into a coil, an emf is induced which causes a current to flow in
the coil. If the magnet is removed, then a current flows in the coil in the opposite
direction. Alternatively, if the magnet is held steady and the coil is moved in such
a way that changes the magnetic flux, then once again an emf is induced and an
electric current flows. It doesn’t matter whether the coil or the magnet is moved—
it is a change in flux that is required to induce the emf (see Figure 4.2.1). This
discovery led Faraday to his law of induction. Faraday’s law of induction is the
focus of this section.

FIGURE 4.2.1 Oscilloscope trace from an electric coil, showing the voltage across the coil as a
magnet is dropped through it.

FACTORS AFFECTING INDUCED EMF

Faraday quantitatively investigated the factors affecting the size of the emf induced
in a coil. Firstly, emf will be induced by a change in the magnetic field. A simple
example of this is to witness the emf induced when a magnet is brought towards or
away from a wire coil. The greater the change, the greater the emf.

However, it is not only a change in the strength of a magnetic field, B, that
induces an emf. It was noticed that an emf can be induced by changing A, the area
perpendicular to the magnetic field through which the magnetic field lines pass,
while keeping B constant. An example of this is to witness the emf induced when a
wire coil is rotated in the presence of a fixed magnetic field. This discovery indicates
that the requirement for an induced emf is to have a changing magnetic flux, @g.

Finally, Faraday discovered that the faster the change in magnetic flux, the
greater the induced emf. This can be seen in the oscilloscope trace of a magnet
falling through a coil as shown in the Figure 4.2.1. The magnet is accelerated by
gravity as it drops through the coil. Hence, the peak emf induced when the magnet
first enters the coil at a relatively lower speed is noticeably less than the peak emf
when the magnet leaves the coil at a faster speed. Thus, it is the rate of change of
magnetic flux that determines the induced emf.
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FARADAY’S LAW OF INDUCTION

Faraday’s investigations led him to conclude that the average emf induced in a
conducting loop, in which there is a changing magnetic flux, is proportional to the
rate of change of flux.

This is now known as Faraday’s law of induction and is one of the basic laws
of electromagnetism.

Magnetic flux is defined as @ = B A.

If the flux through N turns (or loops) of a coil changes from @, to @, during a
time 7, then the average induced emf during this time will be:

(P, - )

€=-N—7F—

and if the change in magnetic flux @,— @, = A®y, then

O, %

At

The negative sign is placed there as a reminder of the direction of the induced
emf. This is discussed further in the next section ‘Lenz’s law and its applications’.
Normally you will be concerned only with the magnitude of the emf, which means
you don’t consider the negative sign or any negative quantities in a calculation.

If the ends of the coil are connected to an external circuit, then a current, 7, will
flow. The magnitude of the current is found using Ohm’s law, which is:

|4

I=%x

where R is the resistance and AV is the emf of the coil.

A coil not connected to a circuit will act like a battery not connected to a circuit. PHYSICSFILE
There will still be an induced emf but no current will flow. M icrophones
Many microphones operate by
Worked example 4.2.1 taking advantage of Faraday’s law of
INDUCED EMF IN A COIL induction. The so-called ‘dynamic’

microphone uses a tiny coil attached
to a diaphragm, which vibrates with
the sound. The coil vibrates within the

A student winds a coil of area 40 cm? with 20 turns. He places it horizontally in a
vertical uniform magnetic field of 0.10 T.

a Calculate the magnetic flux perpendicular to the coil. magnetic field of a permanent magnet,
T : thus producing an induced emf that

Thinking Working varies with the original sound.

Identify the quantities to calculate the &z =BA

magnetic flux through the coil and B=0.10T

convert to Sl units where required. A=40cm? =40 x 104 m?

Calculate the magnetic flux and give your | @z =B,A=0.10 x 40 x 104
answer with appropriate units. =4.0x 104 Wb

b Calculate the magnitude of the average induced emf in the coil when the coil
is removed from the magnetic field in a time of 0.5 s.

Identify the quantities for determining the = Adg
induced emf. Ignore the negative sign. At
N = 20 turns
A¢B = @2 - d)l
=0-40x10*
=4.0 x 10 Wb
At=05s
Calculate the magnitude of the average e=— Adg
induced emf, ignoring the negative sign At X
that indicates the direction. =20 x %
=0.01l6V
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Worked example: Try yourself 4.2.1
INDUCED EMF IN A COIL

A student winds a coil of area 50 cm? with 10 turns. She places it horizontally in a
vertical uniform magnetic field of 0.10 T.

a Calculate the magnetic flux perpendicular to the coil.

b Calculate the magnitude of the average induced emf in the coil when the coil
is removed from the magnetic field in a time of 1.0 s.

Worked example 4.2.2
NUMBER OF TURNS IN A COIL

A coil of cross-sectional area 1.0 x 103 m2 experiences a change in the strength
of a magnetic field from O to 0.20 T over 0.50 s. If the magnitude of the average
induced emf is measured as 0.10 V, how many turns must be on the coil?

Thinking Working
Identify the quantities needed to oz =BA
calculate the magnetic flux through B=020T

the coil when in the presence of the
magnetic field and convert to Sl units
where required.

A=10x103m?

Calculate the magnetic flux when in &g =B A
the presence of the magnetic field. =020 x 1.0 x 1073
=2.0x 107 Wb
Identify the quantities from the _ _nAdg
) . e=-N
question required to complete At
Faraday's law. N=7?

Ad)B = q)z - @1
=20x10%-0
=20x 10 Wb

At=0.50s

e=0.10V

Rearrange Faraday’s law and solve for o= — Adg

the number of turns on the coil. Ignore At

the negative sign. N = — At
_ 0.10x0.50
T 20x10*
=250 turns

Worked example: Try yourself 4.2.2
NUMBER OF TURNS IN A COIL

A coil of cross-sectional area 2.0 x 10~ m? experiences a change in the strength
of a magnetic field from 0 to 0.20 T over 1.00 s. If the magnitude of the average

induced emf is measured as 0.40 V, how many turns must be on the coil?

AREA OF STUDY 2 | HOW ARE FIELDS USED TO MOVE ELECTRICAL ENERGY?



__________________________________________________________________________________________

__________________________________________________________________________________________

CHAPTER 4 | ELECTROMAGNETIC INDUCTION AND TRANSMISSION OF ELECTRICITY

4.2 Review

* The emf induced in a conducting loop in which
there is a changing magnetic flux is proportional
to the negative rate of change of flux.

_ A%
£=-N"4¢

KEY QUESTIONS

The following information relates to questions 1-3.

A single rectangular wire loop is located with its plane
perpendicular to a uniform magnetic field of 2.0 mT,
directed out of the page, as shown below. The loop is
free to rotate about a horizontal axis XY.

which is Faraday’s law of induction.

L] L] 3 cm [ ] [ ]
X L] E L] [ ] [ ] Y
Q
N
B out of page

1 How much magnetic flux is threading the loop in this
position?

2 The loop is rotated about the axis XY, through an
angle of 90°, so that its plane becomes parallel to the
magnetic field. How much flux is threading the loop
in this new position?

3 If the loop completes one-quarter of a rotation in
40 ms, what is the average induced emf in the loop?

4 When a magnet is dropped through a coil, a voltage
sensor will detect an induced voltage in the coil as
shown below.

The area under the curve above zero is exactly equal

to the area above the curve below zero because:

A The strength of the magnet is the same.

B The area of the coil is the same.

C The strength of the magnet and area of the coil are

the same.

D The magnet speeds up as it falls through the coil.
The following information relates to questions 5 and 6.
A coil of 500 turns, each of area 10 cm?, is wound around
a square frame. The plane of the coil is initially parallel

» The negative sign in Faraday’s law indicates
direction. For questions involving only magnitudes,
you should not use the negative sign or any
negative quantities.

to a uniform magnetic field of 80 mT. The coil is then
rotated through an angle of 90° so that its plane becomes
perpendicular to the field. The rotation is completed in

20 ms.

5 What is the average emf induced in each turn during
this time?

6 What is the average emf induced in the coil in
Question 5 during the time the coil rotated?

7 A student stretches a flexible wire coil of 30 turns
and places it in a uniform magnetic field of strength
5.0 mT, directed into the page, as shown. While it
is in the field, the student allows the coil to regain
its original shape. In doing so, the area of the coil
changes at a constant rate from 250 cm? to 50 cm?
in 0.50 s.

Find the average emf induced in the coil during
this time.

8 A student has a flexible wire coil of variable area of
100 turns and a strong bar magnet, which has been
measured to produce a magnetic field of strength
B = 100 mT, a short distance from it. She has been
instructed to demonstrate electromagnetic induction
by using this equipment to light up an LED rated at
1.0 V. Explain, including appropriate calculations, one
method with which she could complete this task.

9 A wire coil consisting of a single turn is placed
perpendicular to a magnetic field that experiences
a decrease in strength of 0.10 T in 0.050 s. If the
emf induced in the coil is 0.020 V, what is the area
of the coil?

10 A wire coil consisting of 100 turns with an area of
50 cm? is placed inside a vertical magnetic field of
strength 0.40 T, and then rotated about a horizontal
axis. For each quarter turn, the average emf induced
in the coil is 1600 mV. Calculate the time taken for
a quarter turn of the coil.
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FIGURE 4.3.1 A diver using a metal detector. If a
metal object is found underneath the coil of the
detector, an emf will be induced which creates a
current that will affect the original current. The
direction of the induced current is predicted by
using Lenz's law.

4.3 Lenz’s law and its applications

In the previous section Faraday’s law of induction was introduced, including the
equation:
ADy,
At

The negative sign is there to remind you in which direction the induced emf
acts—that is, in which direction current flows as a result of the induced emf.

e=-N

Lenz’s law, which is the focus of this section, is a common way of understanding
how electromagnetic induction obeys the principles of conservation of energy and
explains the direction of the induced emf. It is named after Heinrich Lenz, whose
research put a definite direction to the current created by the induced emf resulting
from a changing magnetic flux.

Understanding the direction of the current resulting from an induced emf and
how it is produced has allowed electromagnetic induction to be used in a vast
array of devices that have transformed modern society, in particular in electrical
generators. A metal detector is another example of a device that uses Lenz’s law
(see Figure 4.3.1).

THE DIRECTION OF AN INDUCED EMF

0 Lenz’'s law states that an induced emf always gives rise to a current whose
magnetic field will oppose the original change in flux.

Figure 4.3.2 applies the law to the relative motion between a magnet and a
single coil of wire. Moving the magnet towards or away from the coil will induce an
emf in the coil, as there is a change in flux. The induced emf will produce a current
in the coil. And this induced current will then produce its own magnetic field. It is
worth noting that LLenz’s law is a necessary consequence of the law of conservation
of energy: if Lenz’s law were not true then the new magnetic field created by a
changing flux would encourage that change, which would have the effect of adding
energy to the universe.

FIGURE 4.3.2 (a) The north end of a magnet is brought towards a coil from right to left, inducing a
current that flows anticlockwise. (b) Pulling the north end of the magnet away from the coil from left
to right induces a current in a clockwise direction. (c) Holding the magnet still creates no change in
flux and hence no induced current.

Applying Lenz’s law, the magnetic field created by the induced current will
oppose the change in flux caused by the movement of the magnet. When the
north end of a magnet is brought toward the loop from the right, the magnetic
flux from right to left through the loop increases. The induced emf produces a
current that flows anticlockwise around the loop when viewed from the right. The
magnetic field created by this current, shown by the little circles around the wire,
is directed from left to right through the loop. It opposes the magnetic field of the
approaching magnet.

If the magnet is moved away from the loop, as in part (b) of Figure 4.3.2,
the magnetic flux from right to left through the loop decreases. The induced emf
produces a clockwise current when viewed from the right. This creates a magnetic
field that is directed from right to left through the loop. This field is in the same
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direction as the original magnetic field of the retreating magnet. However, note that
it is opposing the change in the magnet’s flux through the loop by attempting to
replace the declining flux.

And when the magnet is held stationary, as in part (c) of Figure 4.3.2, there is
no change in flux to oppose and so no current is induced.

The right-hand grip rule and induced current direction

The right-hand grip rule (see Section 2.3 on p48) can be used to find the direction
of the induced current. Keep in mind that the current must create a magnetic
field that opposes the change in flux due to the relative motion of the magnet
and conductor. Point your fingers through the loop in the direction of the field
that is opposing the change and your thumb will then indicate the direction of the
conventional current, as shown in Figure 4.3.3.

There are three distinct steps to determine the induced current direction
according to Lenz’s law:

o 1  What is the change that is happening?
2 What will oppose the change and/or restore the original conditions?
3 What must be the current direction to match this opposition?

These steps will be further examined using Worked example 4.3.1.

Worked example 4.3.1
INDUCED CURRENT IN A COIL FROM A PERMANENT MAGNET

The south pole of a magnet is brought upwards toward a horizontal coil initially
held above it. In which direction will the induced current flow in the coil?

S—
T

Thinking Working
Consider the direction of the The magnetic field direction from the magnet
change in magnetic flux. will be downwards towards the south pole. The

downwards flux from the magnet will increase
as the magnet is brought closer to the coil.
So the change in flux is increasing downwards.

What will oppose the change The induced magnetic field that opposes the

in flux? change would act upwards.

Determine the direction of the | In order to oppose the change, the current
induced current required to direction would be anticlockwise when viewed
oppose the change. from above (using the right-hand grip rule).

Worked example: Try yourself 4.3.1
INDUCED CURRENT IN A COIL FROM A PERMANENT MAGNET

The south pole of a magnet is moved downwards away from a horizontal coil
held above it. In which direction will the induced current flow in the coil?

S—
:

FIGURE 4.3.3 The right-hand grip rule can
used to determine the direction of a magn
field from a current or vice versa. Your thu
points in the direction of the conventional
current in the wire and your curled fingers
indicate the direction of the magnetic field
through the coil.

be
etic
mb
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Worked example 4.3.2

INDUCED CURRENT IN A COIL FROM AN ELECTROMAGNET

electromagnet is:
(i) switched on
(ii) left on

(iii) switched off?

Instead of using a permanent magnet to change the flux in the loop in Worked
example 4.3.1, an electromagnet (on the right, in the diagram below) could
be used. What is the direction of the current induced in the solenoid when the

—
[~

Y

Thinking

Working

Consider the direction of the
change in magnetic flux for
each case.

(i) Initially there is no magnetic flux through
the solenoid. When the electromagnet is
switched on, the electromagnet creates

a magnetic field directed to the left. So

the change in flux through the solenoid is
increasing to the left.

(ii) While the current in the electromagnet
is steady, the magnetic flux through the
solenoid is constant and the flux is not
changing.

(i) In this case, initially there is a magnetic
flux through the solenoid from the
electromagnet directed to the left. When the
electromagnet is switched off, there is no
longer a magnetic flux through the solenoid.
So the change in flux through the solenoid
is decreasing to the left.

What will oppose the change in
flux for each case?

(i) The magnetic field that opposes the
change in flux through the solenoid is
directed to the right.

(ii) There is no change in flux and so
there will be no opposition needed and no
magnetic field created by the solenoid.

(iii) The magnetic field that opposes the
change in flux through the solenoid is
directed to the left.

Determine the direction of
the induced current required
to oppose the change for
each case.

(i) In order to oppose the change, the

current will flow through the solenoid in the
direction from X to Y (or through the meter
from Y to X), using the right-hand grip rule.

(ii) There will be no induced emf or current
in the solenoid.

(iii) In order to oppose the change, the

current will flow through the solenoid in the
direction from Y to X (or through the meter
from X to Y), using the right-hand grip rule.
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Worked example: Try yourself 4.3.2
INDUCED CURRENT IN A COIL FROM AN ELECTROMAGNET

What is the direction of the current induced in the solenoid when the
electromagnet is:

(i) switched on
(ii) left on
(iii) switched off?

G PR
U

X T Y

INDUCED CURRENT DIRECTION BY CHANGING AREA

It’s very important to note that an induced emf is created while there is a change in

flux, no matter how that change is created. As magnetic flux @ = B, A, a change

can be created by any method that causes a relative change in the strength of the

magnetic field, B, and/or the area of the coil perpendicular to the magnetic field. So

an induced emf can be created in three ways:

e Dby changing the strength of the magnetic field

¢ Dby changing the area of the coil within the magnetic field

¢ by changing the orientation of the coil with respect to the direction of the
magnetic field.

Figure 4.3.4 illustrates an example of the direction of an induced current that
results during a decrease in the area of a coil.

As the area of the coil decreases due to its changing shape, the flux through
the coil (which is directed into the page) also decreases. Applying Lenz’s law, the
direction of the induced current would oppose this change and will be such that it
acts to increase the magnetic flux through the coil into the page. Using the right-
hand grip rule, a current would therefore flow in a clockwise direction while the
area is changing.

In Figure 4.3.5, the coil is being rotated within the magnetic field. The effect
is the same as reducing the area. The amount of flux flowing through the coil is
reduced as the coil changes from being perpendicular to the field to being parallel
to the field. An induced emf would be created while the coil is being rotated. This
becomes particularly important in determining the current direction in a generator.

X X X X X X X X X X
B
X X X X (nward)  x X X X X X
X X X X X X X X X X
X X X flux X X X X X
decreasing
X X X X X X X X X X
X X X X X X X X X X
X X X X X X X X X X

FIGURE 4.3.5 Changing the orientation of a coil within a magnetic field by rotating it reduces the
amount of flux through the coil and so induces an emf in the coil while it is being rotated.

FIGURE 4.3.4 Inducing a current by changing
the area of a coil. The amount of flux (the
number of field lines) through the coil is
reduced and an emf is therefore induced during
the time that the change is taking place. The
current flows in a direction that creates a field
to oppose the reduction in flux into the page.
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Worked example 4.3.3
FURTHER PRACTICE WITH LENZ’S LAW

The north pole of a magnet is moving towards a coil, into the page (the south
pole is shown at the top looking down). In what direction will the induced
current flow in the coil while the magnet is moving towards the coil?
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