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AREA OF STUDY 1
HOW DO THINGS MOVE WITHOUT CONTACT?

3 Electric and magnetic fields
(effects and applications)

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

3.1.1 Introduction
Different types of electric fields, magnetic fields and forces were studied in topic 1. Knowledge of the
forces acting on charged and magnetic objects allows us to determine how the objects will move and
what energy transfers will occur. The operation of the DC motor relies upon the force exerted on a
current-carrying wire in a magnetic field. The electron gun, a key component in the production of X-rays,
accelerates electrons by employing an electric field between two oppositely charged plates. The mass
spectrometer, an important tool in chemical analysis, uses both electric and magnetic fields to make a
device that can determine the isotopic composition of a sample.

FIGURE 3.1 Cloud chambers reveal the paths of charged particles produced in radioactive decay. A combination
of magnetic and electric fields allows the tracks to be linked to particles with particular charge, mass and velocity,
giving clues to the identity of the products.
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3.1.2 What you will learn

KEY KNOWLEDGE
After completing this topic, you will be able to:
• analyse the use of an electric field to accelerate a charge, including:

• electric field and electric force concepts: E = k
Q

r2
and F = k

q1q2

r 2

• potential energy changes in a uniform electric field: W = qV, E =
V

d
• the magnitude of the force on a charged particle due to a uniform electric field: F = qE.

• analyse the use of a magnetic field to change the path of a charged particle, including:
• the magnitude and direction of the force applied to an electron beam by a magnetic field:
F = qvB, in cases where the directions of v and B are perpendicular or parallel

• the radius of the path followed by a low-velocity electron in a uniform magnetic field: qvB =
mv2

r
.

• 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 the force on a current-carrying conductor due to an external magnetic
field, F = nIlB, where the directions of I and B are either perpendicular or parallel to each other

• investigate and analyse theoretically and practically the operation of simple DC motors consisting of one
coil, containing a number of loops of wire, which is free to rotate about an axis in a uniform magnetic field
and including the use of a split ring commutator

• model the acceleration of particles in a particle accelerator (limited to linear acceleration by a uniform
electric field and direction change by a uniform magnetic field).

Source: VCE Chemistry Study Design (2017–) extracts © VCAA; reproduced by permission.

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

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

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

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

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

3.2 Motion of a charged particle in a uniform
electric field

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

• electric field and electric force concepts: E = k
Q

r2
and F = k

q1q2

r 2
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• potential energy changes in a uniform electric field: W = qV, E =
V

d
• the magnitude of the force on a charged particle due to a uniform electric field: F = qE.

• 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).

Topic 1 showed that a pair of oppositely charged conducting plates has a uniform electric field between the
plates.

The force F on a charged particle with charge q placed between the plates is given by

F = qE

where F is the force on the charged particle
q is the charge of the charged particle
E is the strength of the electric field.

This relationship holds no matter where the charge is placed between the plates. If there is no other force
acting on the charged particle, then the force due to the interaction with the electric field is the net force,
and, applying Newton’s second law, the particle experiences an acceleration parallel to the field, a, where

a = F
m
= qE

m
.

FIGURE 3.2 Comparing trajectories in vector fields

F = qE

Eq

Uniform electric field

(a) (b)

E

v

Trajectory
F, a

q

This principle is the basis of a linear
particle accelerator.

Figure 3.2a shows that a charge q with
mass m placed at a point in an electric field
E will experience a force F=qE. As a result,
the charge will accelerate uniformly along
the field, also in accordance with Newton’s
second law. Figure 3.2b shows that a positive
charge q travelling with velocity v across an
electric field E will experience a parabolic
trajectory, because the only force acting is
directed along the field lines. Hence, its motion has two components:
1. uniform velocity across the field
2. uniform acceleration along the field.
The combination of these two components produces a parabolic trajectory very similar to that of

projectile motion.

3.2.1 Energy changes for a charged particle in a uniform electric field
In the situation of an electric field between two plates, it is not easy to apply Coulomb’s Law, as there are
many charges on each plate interacting with one another. An alternative approach is needed — one that uses
the concept of energy.

The emf of a battery, or its voltage, is the amount of energy that the battery gives to each coulomb of
charge. A battery of V volts would use up V joules of energy by transferring one coulomb of electrons from
the top plate through the wires to the bottom plate. Once on the negative plate, this coulomb of electrons
would have V joules of electrical potential energy.

If this coulomb of electrons could be released from the negative plate, it would be accelerated by the
constant force of the electric field between the plates, gaining kinetic energy like a stone falling in a
gravitational field. And as in a gravitational field, the gain in kinetic energy equals the loss in electrical
potential energy.
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• The gain in kinetic energy of one coulomb of charge = V joules.
• The gain in kinetic energy for q coulombs of charge = qV joules.
Hence the work done on q coulombs of charge is

W = qV

whereW is the work done on q coulombs of charge
q is the quantity of charge
V is the potential difference of the voltage drop.

However, work done (W) also has a definition of motion:

Work done (W) = force (F) × displacement (d)
W = Fd

But the force, if it is an electrical force, is given by F = qE, so W = qE × d, where d in this instance is
the separation of the plates.

Equating the two expressions for work done, qE × d = q × V.
Cancelling the charge, q, gives

E = V
d

where E is the electric field strength
V is the potential difference or voltage drop
d is the distance between two points in the electric field.

This provides an alternative unit for electric field of volts per metre or V m−1. So, like gravitational field
strength, electric field strength has two equivalent units: either newtons per coulomb or volts per metre.
Using volts per metre makes it very easy to determine the strength of a uniform electric field.

SAMPLE PROBLEM 1

What is the strength of the electric field between two plates 5.0 cm apart connected to a 100 V DC
supply?

Teacher-led video: SP1 (eles-XXXX)

THINK WRITE

Recall the formula for the electric field between two parallel
plates with a potential difference V across the plates:

E = V

d
where V = 100 V and d = 5.0 cm = 0.05 m.

E = V

d

= 100V

0.05m
= 2000V m−1

PRACTICE PROBLEM 1
Calculate the strength of the electric field between a storm cloud 1.5 km above ground and the
ground itself if the voltage drop or potential difference is 30 000 000V. Assume a uniform field.
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3.2.2 The linear accelerator
An electric field can be used to increase the speed and kinetic energy of charged particles. This is the case
for all the devices in table 3.1.

TABLE 3.1 Devices that use electric fields to accelerate charged particles

Device Operation Purpose

Mass spectrometer Accelerates positive ions of different mass,
which then enter a uniform magnetic field
and curve around to hit a screen in different
spots

To measure the abundance of
different elements and isotopes in
a sample

Electron microscope Accelerates electrons, which then pass
through electric and magnetic lenses to
produce an image

To use an electron beam to examine
very small objects

Synchrotron Accelerates electrons close to the speed of
light, then feeds them into a storage ring

To produce intense and very narrow
beams of mainly X-rays to examine
the fine structure of substances such
as proteins

Large Hadron Collider Accelerates protons or lead ions close to the
speed of light, then lets them collide

To test the predictions of theories
of particle physics, for example, the
existence of the Higgs boson

The first part of all these devices is an electron gun, a device that is designed to produce electrons and
then give them an initial acceleration.

FIGURE 3.3 The electrons on the hot
filament are attracted across to the
positive plate and pass through the hole
that is in line with the beam.

Figure 3.3 shows two metal plates with a small hole cut
in the middle of each plate. The plates have been connected
to a DC power supply. In the hole of the negative plate is a
filament of wire, like the filament in an incandescent light
globe, connected to a low voltage. When the current flows in
this circuit, the filament glows red hot. The electrons are, in a
sense, ‘boiling at the surface’ of the filament. The electric field
can easily pull the electrons off the surface of the filament.

The hole in the positive plate is in a direct line with the
filament, so as the electrons are accelerated across the space
between the plates, they go straight through the hole to the next
part of the machine. This design is called an electron gun. It
produces the electrons that generate the picture in a television tube, and it also produces the electrons for a
synchrotron.

SAMPLE PROBLEM 2

An electron is accelerated from one plate to another. The voltage drop across the plates is 100 V.
a. How much energy does the electron gain as it moves from the negative plate to the

positive plate?
b. How fast will the electron be travelling when it hits the positive plate, if it left the negative plate

with zero velocity?
Use: mass of electron = 9.1 × 10−31 kg; charge on electron = 1.6 × 10−19 C.

Teacher-led video: SP2 (eles-XXXX)
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THINK WRITE

a. The change in kinetic energy can be found by
the work done by the electric field:

ΔEk = W = qV

With q = 1.6 × 10−19 C and
V = 100 V.

a. ΔEk = qV

= 1.6 × 10−19 C × 100V

= 1.6 × 10−17 J

b. The electron began with a speed of 0 m s−1, so
the final speed can be found from the final

kinetic energy, Ek =
1

2
mv2.

b. Ek =
1

2
mv2

1.6 × 10−17 J = 1

2
× 9.1 × 10−31 kg × v2

v =
√

2 × 1.6 × 10−17 J

9.1 × 10−31 kg

= 5.9 × 106 ms−1

Note that the final speed of the electron is
about 2% of the speed of light!

PRACTICE PROBLEM 2
Repeat the calculation in sample problem 2 for a potential difference across the plates of 1000 V.

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

1. The electric field strength between two oppositely charged conducting plates is 15.0 N C−1. If the potential
difference across the plates is 100 V, find the separation of the plates.

2. Two metal plates, X and Y, are set up 20 cm apart. The X plate is connected to the positive terminal of a
120 V battery and the Y plate is connected to the negative terminal. A small positively charged sphere is
suspended midway between the plates and it experiences a force of 4.0 × 10−3 newtons.
(a) What would be the size of the force on the sphere if it was placed 7.5 cm from plate X?
(b) The sphere is placed back in the middle and the plates are moved apart to a separation of 15 cm. What

is the size of the force now?
(c) The plates are returned to a separation of 20 cm but the battery is changed. The force is now

6.0 × 10−3 newtons. What is the voltage of the new battery?
3. The electric field strength between two oppositely charged conducting plates 15 mm apart is 200 N C−1.

Calculate the work done by the field on a 2.0 × 10−9 C charge as it moves from one plate to the other.
4. A 10 nC charge travels 1.0 cm parallel to a 300 N C−1 electric field. Calculate the change in potential energy

of the 10 nC charge.
5. John finds that, in dry weather, the rubbing of his clothes when walking causes static electricity to build up.

When he goes to touch a metal door handle, he observes a brief spark and feels a small, sharp shock. The
discharging occurs when the electric field strength between himself and the door handle exceeds
3.0 × 106 V m−1. His finger is 5.0 mm from the door handle when the discharge occurs. Calculate the
electrical potential difference between himself and the door handle.

6. Two oppositely charged conducting plates have an electrical potential difference of 1000 V. An electron is
accelerated from the negative plate to the positive plate.
(a) Determine the electrical potential energy of the electron at the following points:

i. when the electron is at the negative plate
ii. when the electron is halfway between the plates
iii. when the electron arrives at the positive plate.

(b) Determine the change in kinetic energy of the electron at the following points:
i. when the electron is halfway between the plates
ii. when the electron is at the positive plate.
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7. Jacinta applies a uniform electric field to slow down over-energetic electrons. She wants to reduce the
kinetic energy of the electrons from 1000 eV to 100 eV as they pass between a pair of parallel plates. The
spacing of the plates is 1.0 cm. How large is the electric field between the plates?

8. Electrons from a hot filament are emitted into the space between
two parallel plates, as shown in the following diagram, and are
accelerated across the space between them.
(a) Which battery supplies the field to accelerate the electrons?
(b) How much energy would be gained by an electron in

crossing the space between the plates?
(c) How would your answer to (b) change if the plate

separation was halved?
6V

100 V(d) How would your answer to (b) change if the terminals of
the 6 V battery were reversed?

(e) How would your answer to (b) change if the terminals of the 100 V battery were reversed?
(f) How would the size of the electric field between the plates, and thus the electric force on the electron,

change if the plate separation was halved?
(g) Explain how your answers to (c) and (f) are connected.

9. In a cathode ray oscilloscope, an electron beam passes
between a pair of conducting plates that can deflect the
beam in a vertical direction, as shown in the following
diagram.

Electron beam

Conducting plates
The beam is observed to be deflected vertically upwards by
5.0 mm during the 2.0𝜇s that it takes an electron to traverse the length of the plates.
(a) Calculate the magnitude of the average vertical acceleration of the beam.
(b) Calculate the magnitude and direction of the electric field between the plates.
(c) Calculate the potential difference between the plates.
(d) Is the upper or lower plate at a higher electrical potential?

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

studyON: Past VCAA exam questions

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

3.3 Motion of a charged particle in a magnetic field

KEY CONCEPTS
• analyse the use of a magnetic field to change the path of a charged particle, including:
• the magnitude and direction of the force applied to an electron beam by a magnetic field:
F = qvB, in cases where the directions of v and B are perpendicular or parallel

• the radius of the path followed by a low-velocity electron in a uniform magnetic field: qvB =
mv2

r
.

Topic 1 showed that moving charges produce magnetic fields. So, can moving charges be affected by other
magnetic fields? The answer is yes!

The motion of a charged particle in a magnetic field is particularly interesting. It turns out that the
magnetic field applies a force to the charged particle that is both at right angles to the motion of the charge
and the direction of the magnetic field. This behaviour was initially identified by J.J. Thomson in the late
1800s; however, it was Hendrik Lorentz in 1895 who published a paper identifying the correct form of the
force.Pdf_Folio:7
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The magnetic force of a moving particle for a charge, q, moving with a velocity, v, perpendicular to a
magnetic field, B, is:

F = qvB

where F is the force on the particle
q is the charge of the particle
v is the component of the velocity of the particle that is perpendicular to the
magnetic field
B is the strength of the magnetic field

The direction of the force on the charged particle, which is perpendicular to both the particle velocity
and the magnetic field, can be determined using a helpful hand rule. There are two alternative hand rules
commonly used. The rule applies both to moving single positive charges and to currents.

Left-hand rule
The left-hand rule applies as follows:
• the index finger, pointing straight ahead, represents the magnetic field (B)
• the middle finger, at right angles to the index finger, represents the current (I) or particle velocity (v)
• the thumb, upright at right angles to both fingers, represents the force (F).
Lock the three fingers in place so they are at right angles to one another. Now rotate your hand so that

the field and current (or particle velocity) line up with the directions in your problem. The thumb will now
point in the direction of the force.

Right-hand-slap rule
The right-hand-slap rule applies as follows:
• the fingers (out straight) represent the magnetic field (B)
• the thumb (out to the side of the hand) represents the current (I) or particle velocity (v)
• the palm of the hand represents the force (F).
Hold your hand flat with the fingers outstretched and the thumb out to the side, at right angles to your

fingers. Now rotate your hand so that the field and current or particle velocity line up with the direction in
your problem. The palm of your hand now gives the direction of the force, hence the name.

It is important to note that the right-hand-slap rule applies to a positive charge and positive current. If the
particle has a negative charge, or the direction of the current is reversed, then the direction of the force on
the particle or current is reversed.

FIGURE 3.4 Left-hand rule for determining
the direction of the magnetic force of a
magnetic field on a current or moving
positive charge

Force (F ) Magnetic field (B)

Current (I) or particle velocity (v)

FIGURE 3.5 Right-hand-slap rule for determining
the direction of the magnetic force of a magnetic
field on a current or moving positive charge

Force (F )

(outwards

from palm)

Magnetic

field (B)

Current (I) or particle velocity (v)
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SAMPLE PROBLEM 3

An electron moving towards the right of the page at 1.5 × 105 m s−1 enters a uniform 0.060 T
magnetic field that is coming out of the page.
a. Calculate the magnitude of the magnetic force on the electron.
b. Determine the direction of the force.

Teacher-led video: SP3 (eles-XXXX)

THINK WRITE

a. Recall the formula F = qvB. a. F = qvB

= −1.6 × 10−19 C × 1.5 × 106 ms−1 × 0.060T
= 1.44 × 10−14 N

b. Apply the right-hand-slap rule and
reverse the direction of the current, as
the electron has a negative charge. The
electron moves to the right of the page,
so the conventional current flows to the
left of the page.

b.

1. v is to the left and will be along the thumb.
2. B is out of the page and follows the directio

of the fingers.
3. The force on the electron is in the direction

of the palm, namely pointing up the page.

n

PRACTICE PROBLEM 3
An alpha particle (charge +2e) moving towards the right of the page at 1.0 × 107 m s−1 enters a
uniform 0.060 T magnetic field pointing down the page.
a. Calculate the magnitude of the magnetic force on the alpha particle.
b. Determine the direction of the force.

Digital document Investigation 3.1 Hand-rules (doc-18541)

Teacher-led video Investigation 3.1 Hand-rules (eles-#####)

3.3.1 Circular motion of charged particles in magnetic fields
Previously shown was the situation where the net force on a particle is perpendicular to the velocity of the
particle. This is the case when a satellite orbits a large body, such as the Earth. Topic 2 showed that the
effect of the net force constantly pointing towards the centre of the orbit causes the satellite to follow a
circular path around the Earth. For charged particles moving in a magnetic field, the force on the particle
due to the magnetic field causes it to change the direction of its motion so that it moves in a circular path
perpendicular to the direction of the field.

The magnitude of the force on the moving charged particle due to the magnetic field is F = qvB. The
magnetic force is always at right angles to the direction of the charge’s motion; therefore, the magnetic
force cannot increase the speed on the charge — it can only change its direction at a constant rate.

The mass spectrometer, the electron microscope and the synchrotron are instruments that use a magnetic
force in this manner.

So what is the radius of the circle? How does it depend on the strength of the magnetic field, the speed of
the charge and size of the charge?
Pdf_Folio:9
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TABLE 3.2 Observations concerning the strength of magnetic fields, and speed and size of the charge

What is observed?
What does the formula
predict?

Do the observations
match the formula’s
prediction?

If the charge is stationary, the current is zero,
so no there is no force.

If v = 0, then F = 0. Yes

A stronger magnetic field will produce a larger
force and deflect the charge more.

Force is proportional to the
field.

Yes

The magnitude of the net force on the charged particle as it moves in the magnetic field is Fnet = ma.
In this case the only significant force is the magnetic force,

F = qvB
⇒ qvB = ma

Because the acceleration is centripetal and constant in magnitude, its magnitude can be expressed as

a = v2

r
, where r is the radius of the circular motion.

qvB = mv2

r

where q is the charge on the particle
v is the velocity of the particle
B is the strength of the magnetic field
m is the mass of the particle
r is the radius of the path followed by the particle.

The expression for the radius is therefore:

r = mv
Bq

Does this relationship make sense?

TABLE 3.3 Observations concerning the radius of circular motion

What is observed? What does the formula predict?

Do the observations
match the formula’s
prediction?

Hard to turn heavy objects The heavier the mass, the larger the radius Yes

Hard to turn fast objects The faster the object, the larger the radius Yes

The larger the force, the
smaller the radius

The stronger the field, the smaller the radius; the
larger the charge, the smaller the radius

Yes

Note that because the direction of the magnetic field is always at right angles to the direction in which the
charged particles are moving, the magnetic field cannot make the particles go faster — it can only change
their direction. In this context, magnetic fields are not ‘particle accelerators’.Pdf_Folio:10
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Sample problem 4

An electron travelling at 5.9 × 106 m s−1 enters a magnetic field in a direction perpendicular to its
motion with a magnitude of 6.0 mT. What is the radius of its path in the magnetic field?

Teacher-led videos: SP4 (eles-XXXX)

THINK WRITE

Recall the expression for the radius that comes
from equating the net force on objects moving in a
circle with the magnetic force:

qvB = mv2

r
or r = mv

qB

r = mv

qB

= 9.1 × 10−31 kg × 5.9 × 106 ms−1

1.6 × 10−19 C × 6 × 10−3 T
= 5.6 × 10−3 m

PRACTICE PROBLEM 4
Calculate the speed of an electron moving in a 3.0 mT magnetic field in a circle with radius 1.0 mm.

AS A MATTER OF FACT
The aurorae at the North Pole and South Pole are glorious displays of waves of coloured light, high in the
atmosphere. They are produced when charged particles ejected by the Sun enter Earth’s magnetic field.
The particles spiral down to the poles, producing an amazing display of light as they move in smaller and

smaller circles from the increasing magnetic field.

FIGURE 3.6 Charged particles entering
Earth’s magnetic field

N

S

Charged 

particles

FIGURE 3.7 Aurora Australis, seen from the
International Space Station

Digital document Investigation 3.2 Electrons in a magnetic field (doc-18543)

Teacher-led video Investigation 3.2 Electrons in a magnetic field (eles-#####)
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3.3.2 Controlling charged particle motion with magnetic fields
Magnetic fields can be used to control charged particles in a number of important applications.

The mass spectrometer is able to separate ions with different ratios of mass to charge because, as shown
previously, the radius of the trajectory of the ion depends on the ratio of mass to charge. The sample is
initially vapourised and ionised, then passed through an accelerating electric field, followed by a magnetic
field. The mass spectrometer is an essential analytical tool for determining the composition of a chemical
sample.

In the electron microscope, magnetic fields focus the electron beam after it is scattered from a sample, in
the same way that optical lenses focus the light scattered from a sample under an ordinary microscope.

FIGURE 3.8 (a) and (b) A mass spectrometer. (c) Positive alpha particles are deflected up, and beta
particles are deflected down. (d) and (e) An electron microscope.

(a) (b)

Particles accelerated

into magnetic field
Magnet

Sample injected

Vapourising heater

Sample ionised

by electron beam

Beam of

charged

particles

Magnetic field

separation

β

α

(c)

(d)

(e)

Projector

lens

Image

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

1. A proton travelling vertically at 3.0 × 105 m s−1 enters a uniform horizontal magnetic field with a field
strength of 4.0 mT. Calculate the force experienced by the proton.

2. An alpha particle enters a uniform magnetic field of
4.0 mT with a speed of 1.5 × 107 m s−1 as shown
in the following diagram:

+2e

v = 1.5 × 107 ms–1

B = 4.0 mT

(a) Calculate the force on the alpha particle.
(b) Describe the trajectory of the alpha particle as

it passes through the magnetic field.
3. An electron travelling east at 1.2×105ms−1 enters

a region of uniform magnetic field of strength 2.4 T pointing north.
(a) Calculate the size of the magnetic force acting on the electron.
(b) Describe the path taken by the electron, giving a reason for your answer.
(c) Calculate the magnitude of the acceleration of the electron.

4. In the following diagram, a tauon enters the magnetic field from the left and executes the trajectory shown.

× × × × × × ×

× × × × × × ×

× × × × × × ×

× × × × × × ×

× × × × × × ×

× × × × × × ×

(a) Does the tauon carry a positive or negative charge?
Give your reasons for your choice.

(b) The tauon exits the magnetic field at the point shown.
Describe its trajectory after it leaves the field.

5. Determine the direction of the magnetic force in the following situations, using your preferred hand rule.
Use the following terminology in your answers: up the page, down the page, left, right, into the page, out of
the page.
(a) Magnetic field into the page, electron entering from left

X X X

X X X

X X X

(b) Magnetic field down the page, electron entering from left

N

S

(c) Magnetic field out of the page, proton entering obliquely from left
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6. How could a moving electron remain undeflected in a magnetic field?
7. An ion beam consisting of three different types of charged particles is directed eastwards into a region

having a uniform magnetic field, B, directed out of the page. The particles making up the beam are (i) an
electron, (ii) a proton and (iii) a helium nucleus or alpha particle. Copy the following figure and draw the
paths that the electron, proton and helium nucleus could take.

Ion beam

B

8. Calculate the radius of curvature of the following particles travelling at 10% of the speed of light in a
magnetic field of 4.0 T.
(a) an electron
(b) a proton
(c) a helium nucleus.

9. Explain how a mass spectrometer can be used to determine the percentage abundance of the different
isotopes of boron.

10. A positron enters the following magnetic field, with a velocity in the
direction indicated.

B = 4.0 mT

+e

Describe the trajectory of the positron as it traverses the magnetic field.

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

studyON: Past VCAA exam questions

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

3.4 Forces on current-carrying wires
in a magnetic field

KEY CONCEPTS
• investigate and analyse theoretically the force on a current-carrying conductor due to an external magnetic
field, F = nIlB, where the directions of I and B are either perpendicular or parallel to each other

• investigate and analyse theoretically and practically the operation of simple DC motors consisting of one
coil, containing a number of loops of wire, which is free to rotate about an axis in a uniform magnetic field
and including the use of a split ring commutator.

Once the technology of electromagnets was developed, very strong magnetic fields could be achieved. This
enabled the reverse of Oersted’s discovery to be investigated: what is the effect of a magnetic field on a
current in a wire?

In Oersted’s experiment, the magnetic field due to the current exerts a force on the magnetic field of the
compass. So, according to Newton’s Third Law of Motion, the compass exerts an equal and opposite force
on the current. What is the size of this force and in what direction does it act?Pdf_Folio:14
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FIGURE 3.9 The magnetic field exerts
a magnetic force on a current-carrying
wire.

+ –

N

S

Force

Current

Observations of the magnetic force applied to the
current-carrying wire or conductor show that:
• if the strength of the magnetic field increases, there is

a larger force on the wire
• if the magnetic field acts on a larger current in the wire,

there is a larger force
• if the magnetic field acts on a longer wire, there is

a larger force
• it is only the component of the magnetic field that

is perpendicular to the current that causes the force
• if there are more wires in the magnetic field, there

is a larger force.
Combined, these findings can be expressed as:

F = nIlB

where F is the force on the conductor perpendicular to the magnetic field
n is the number conductors (or loops)
I is the current in the conductor
l is the length of the conductor
B is the component of the magnetic field that is perpendicular to the current.

The units are expressed as 1 newton = 1 × 1 ampere × 1metre × 1 tesla.
When the magnetic field is perpendicular to the direction of the current (and hence the length vector) in a

single wire, the magnitude of the force is given by:

F = IlB

When the magnetic field is not perpendicular to the direction of the current, it is important to remember
that the force on the wire is less. In fact, if the magnetic field is parallel to the direction of the current, the
force on the wire is zero. That is because the component of magnetic field perpendicular to the current is
zero.

The same result can also be obtained starting from Lorentz’s expression for the magnetic force on a
charged particle.

The current, I, is the motion of charges along a length of wire, l. If a charge q travels a distance l in a time

∆t, then the velocity of the charge is v = l

∆t
. Rewriting the force in terms of the current and length of wire,

the following is obtained:

F = qvB = q
l

∆t
B = q

∆t
lB = IlB

SAMPLE PROBLEM 5

If a straight wire of length 8.0 cm carries a current of 300 mA, calculate the magnitude of the
force acting on it when it is in a magnetic field of strength 0.25 T if:
a. the wire is at right angles to the field
b. the wire is parallel with the field.

Teacher-led video: SP5 (eles-XXXX)
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THINK WRITE

a. Recall that F = nIlB and that B is the component of
the field that is perpendicular to the length of the
wire, l.

a. F = nIlB

= 1 × 300 × 10−3 A × 0.08m × 0.25 T

= 6.0 × 10−3 N
b. The wire is parallel to the field so there is no

component of the field perpendicular to the wire.
b. The force on the wire is 0 N.

PRACTICE PROBLEM 5
a. Calculate the force on a 100 m length of wire carrying a current of 250 A when the strength

of Earth’s magnetic field at right angles to the wire is 5.00 × 10−5 T.
b. The force on a 10 cm wire carrying a current of 15 A when placed in a magnetic field

perpendicular to B has a maximum value of 3.5 N. What is the strength of the magnetic
field?

Magnetic fields between parallel wires

d d

F2 F2F1 F1

B2 B2

B1

I2

I2

I1 I1

B1

Two current-carrying wires each have their
own magnetic field, the direction of which
is determined using the right-hand grip rule.
When these wires are brought together in
close proximity and placed parallel to each
other, their magnetic fields interact, resulting
in either repulsion or attraction in the wires

The left-hand rule or the right-hand-
slap rule indicates that, when current runs
through the wires in the same direction,
the wires will attract, and when the current
passes through the wires in opposite
directions, the wires repel.

Digital document Investigation 3.3 Measuring the strength of a magnetic field (doc-18540)

Teacher-led video Investigation 3.3 Measuring the strength of a magnetic field (eles-#####)

Weblink Lorentz force applet

3.4.1 The DC Motor
A DC motor (a simplified example of which is given in figure 3.11) uses the current from a battery flowing
through a coil in a magnetic field to produce continuous rotation of a shaft. How is this done?

When a coil is in position 1 (as shown in the top left diagram in figure 3.10) with the coil parallel to the
magnetic field and the current flowing A→B→C→D, there will be a downwards force on side AB and
an upwards force on side CD, causing the coil to rotate. As the coil rotates (position 2) the forces remain
unchanged in size and direction. This is because the magnetic field and the current in the wire are still the
same size and in the same direction. However, their lines of action are closer to the axle, so they have less
turning effect. When the coil reaches position 3, at right angles to the magnetic field, the forces are stillPdf_Folio:16
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unchanged in size and direction, but in this case the lines of action of the forces pass through the axle and
have no turning effect. Since the coil was already moving before it arrived at position 3, the momentum
of its rotation will carry it beyond position 3 to position 4(a). In this position, the current is still travelling
in the same direction A→B→C→D, so in this position there is still a downwards force on side AB and an
upwards force on side CD acting to rotate the coil in the opposite direction, that is, back to position 3.

FIGURE 3.10 Force on a coil in a DC motor
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FIGURE 3.11 A simplified DC motor

F
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I
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N

S

If this was the design of a DC motor,
the coil would turn 90° and then stop!
If the coil was in position 3 when the
battery was first connected, the coil
would not even move.

So, if the motor is to continue to turn,
it needs to be modified when the coil
reaches position 3. If the direction of
the forces can be reversed at this point,
as shown in position 4(b), the forces
will make the coil continue to turn for
another 180°. The coil will then be in
the opposite position to that shown
for position 3. The forces need to be
reversed again at this point to complete
the rotation, and reversed every half
turn when the coil reaches the vertical
position (at right angles to the field).
In order to reverse the direction of the
forces acting on the coil, the direction of
the current through the oil needs to be
reversed.

So, to keep the coil continuously rotating in the same direction, the current needs to be reversed twice
every rotation when the coil is at right angles to the magnetic field.

This reversal is done with a split ring commutator. The commutator consists of two semicircular pieces
of metal attached to the axle, with a small insulating space between their ends. The ends of the coil are
soldered to these metal pieces.
Pdf_Folio:17
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FIGURE 3.12 Commutator and coil
from a hair dryer

Wires from the battery are attached to conducting brushes
that rest against the commutator pieces. As the axle turns, these
commutator pieces turn so that they are no longer in contact
with the brushes, stopping the flow of electrical current through
the coil. As they continue to rotate, they again make contact
with the brushes, but are now in contact with the opposite
brush, causing current to flow through the coil in the opposite
direction. This enables the current through the coil to change
direction every time the insulating spaces pass the brushes.

Brushes are often small carbon blocks that allow charge to
flow and the axle to turn smoothly.

A DC motor is a device used to turn electrical energy
into kinetic energy, usually rotational kinetic energy. As an energy transfer device of some industrial
significance, there are some important questions to be asked about the design for a DC motor. Are there
some starting positions of the coil that won’t produce rotation? How can this be overcome? Can it run
backwards and forwards? Can it run at different speeds?

AS A MATTER OF FACT
The principle of the electric motor was proposed by Michael Faraday in 1821, but a useful commercial motor was
not designed until 1873. Direct current (DC) motors were installed in trains in Europe in the 1880s.

3.4.2 Torque
The turning effect of the forces on the coil in an electric motor is called a torque. The magnitude of the
torque on a coil is the product of the component of the force perpendicular to the plane of the coil and
the perpendicular distance between the point of application of the force and the shaft or axle (the axis of
rotation).

𝝉 = r⊥F

where 𝝉 is the torque
r⊥ is the perpendicular distance between the point of application of the force and
the axis of rotation
F is the component of the force perpendicular to the axis of rotation.

Consider the case of the coil in figure 3.10. The sides of the coil perpendicular to the magnetic field, sides
AB and CD, experience a force that is constant in size and magnitude no matter which position they are in;
however, only the component of this force that is perpendicular to the plane of the coil contributes to the
torque. When the coil is in the vertical position with its plane perpendicular to the field, the force on AB
and CD is parallel to the plane of the coil, so the component of the force perpendicular to the plane is zero
and hence the torque on the coil is zero. When the coil is parallel to the field, the force acting on AB and
CD is perpendicular to the plane of the coil, so the coil experiences maximum torque in this position.

Each of the two sides that are perpendicular to the magnetic field, sides AB and CD, experience a force
that contributes to the overall torque on the coil, so the total torque is equal to twice the torque acting on
one of these sides.
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Sample problem 6

A student constructs a simple DC motor, exactly like the motor in figure 3.11, with a square loop
having side lengths 2.0 cm and a uniform 0.005 T magnetic field. A current of 1.5 A passes
through the coil.
a. Calculate the magnitude and direction of the force on the wire in the following sections,

referring to figure 3.10 for the positions of these sections:
i. AB ii. BC iii. CD

b. Explain why the motor is most easily started when the coil is parallel to the magnetic field.
c. Explain why the commutator is essential if the coil is to rotate continuously in one direction.

Teacher-led video: SP6 (eles-XXXX)

THINK WRITE

a. Recall that the force on a
current-carrying wire in a magnetic
field is F = nIlB but where the current
and magnetic field are perpendicular to
each other.
Use the right-hand-slap rule or
left-hand rule to find the direction of
the force on each side of the wire loop.

a. F = nIlB
i. F = 1 × 1.5A × 0.02m × 0.005 T

= 1.5 × 104 N, down
ii. F = 0N,

because I and B are parallel to each other
iii. F = 1 × 1.5A × 0.02m × 0.005T

= 1.5 × 104 N, up

b. Recall that the turning force, or torque,
is given by 𝜏 = r⊥F.

b. Torque is a maximum when the axis of rotation
and the line of action of the force are
perpendicular to each other, and the distance
between them is at a maximum. This occurs when
the coil is parallel to the field.

c. Review the operation of the
commutator.

c. Without the commutator, after the loop passes
through the vertical position, the direction of the
forces on the coil would reverse, causing the loop
to slow down and then reverse the direction of
rotation. Every time the loop passes through the
vertical position, the direction of the forces reverse
again, causing the loop to slow and reverse the
direction of rotation. The loop would just oscillate
around the vertical position. The commutator
enables the direction of current through the loop to
be reversed every time the loop passes through the
vertical position, reversing the direction of the
forces so that the loop can rotate continuously in
the one direction.

Practice problem 6
The terminals of the battery supplying the motor in sample problem 6 are reversed.
a. Calculate the magnitude and direction of the force on the wire in the following sections:

i. AB
ii. BC
iii. CD

b. Explain the differences, if any, between the two motors.
Pdf_Folio:19
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Digital document Investigation 3.4 Designing an electric DC motor (doc-#####)

Teacher-led video Investigation 3.4 Designing an electric DC motor (eles #####)

Weblink DC motor applet

3.4.3 The analogue meter

FIGURE 3.13 An electrical meter
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Electrical meters such as ammeters, voltmeters and
galvanometers use the magnetic force exerted by a current-
carrying wire to control the deflection of a pointer, where the
amount of deflection is calibrated to enable a reading of current
or voltage.

In the electrical meter illustrated in figure 3.13, the force
on the wire BA is out of the page. The current travels around
to D and then to C, so the force on wire DC is into the page.
The two forces are the same size because (i) the strength of
the magnetic field is the same on both sides of the coil, (ii) the
current through the coil is the same at all points and (iii) the
lengths BA and DC are the same. However, the forces are in
opposite directions. The net force is therefore zero. However,
the forces do not act through the centre of the coil, so the
combined forces have a turning effect, creating torque.

If a spring is attached to the axle, the turning effect of the
forces unwinds the spring until the spring pushes with an equal
torque. A pointer attached to the axle measures the size of the
torque, which depends on the size of the current. The larger
the current through the meter, the larger the magnetic force,
and hence torque, on the coil and the further the spring and the pointer are pushed back to achieve balance.
Spiral springs have the fortunate property that the deflection of the pointer is proportional to the torque.
This means that the scale on the meter can be linear, or evenly spaced.

Digital document Investigation 3.5 Meters (doc-18542)

Teacher-led video Investigation 3.5 Meters (eles-#####)

eLesson How maglev trains work (eles-2556)

Interactivity Torque (int-0049)

3.4.4 Magnetic propulsion
The magnetic force on a current-carrying wire is the basis for magnetic propulsion.

Consider a conductor rod rolling along two rails in a magnetic field, as shown in figure 3.14. When a
current flows along the closest rail (the lower of the two rails in the figure), through the conductor rod and
back to the power supply, the conductor will experience a force to the right due to the magnetic field. This
force will make the conductor rod accelerate. If there is little friction, it can move at high speeds.

This is the principle underlying the rail gun, which is currently being studied for potential military
application and magneto-hydrodynamic propulsion.
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FIGURE 3.14 A metal conductor rod
rolling along two rails

I

I

F

Magnetic field out of page

Conductor rod Rails

FIGURE 3.15 The world’s first superconducting,
magneto-hydrodynamically propelled vessel, the
Yamato 1, launched in 1991

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

1. Calculate the size of the force on a wire of length 0.05 m in a magnetic field of strength 0.30 T if the wire is
at right angles to the field and it carries a current of 4.5 A.

2. Calculate the size of the force on an 8.0 cm wire carrying a current of 1.8 A at an angle of 45° to a magnetic
field with strength 40 mT.

3. Calculate the size of the force exerted on a loudspeaker coil of radius 1.5 cm and 500 turns that carries a
current of 15 mA in a radial magnetic field of 2.0 T. (Hint: Consider what aspect of the circle takes the place
of l in this question.)

4. Use the answer key provided to indicate the direction of the force of the magnetic field on the
current-carrying wire in the following diagrams (a) to (h).

N

S

W E

Into page

Answer key

Out of page
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(a)

I

B

(b)

I

B

(c)

I

B

(d)
B

I

(e)

I

B
(f)

B

I

(g)

I

B

(h)

I

B
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5. Wires A and B are parallel to each other and carry current in the same direction.
(a) Draw a diagram to represent this situation, and determine the direction of the magnetic field at B due to

wire A.
(b) This magnetic force will act on the current in wire B. What is the direction of the force by wire A on

wire B?
(c) Now determine the direction of the magnetic field at A due to wire B and the direction of the force by

wire B on wire A.
(d) Is the answer to (c) what you expected? Why? (Hint: Consider Newton’s laws of motion.)

6. What is the purpose of each of the following in a DC motor?
(a) The magnet
(b) The brushes
(c) The commutator (mention three aspects)
(d) The large number of turns in the wire

7. Look at the simplified DC motor in figure 3.10.
(a) Are there some starting positions of the coil that won’t produce rotation? How can this be overcome?
(b) Can the DC motor run backwards and forwards?
(c) Can it run at different speeds? If so, how?

8. (a) Would a DC motor work if it was connected to
an alternating current (AC) power source?

(b) What if there was no commutator?
9. An example of a DC motor without a commutator is the

homopolar motor shown in the following image. The upper
section of the copper loop is in continuous contact with
the positive terminal of the battery, and the lower section
of the loop is in continuous contact with the negative
terminal of the battery via the surface of the magnet.
Explain how this arrangement results in a continuously
rotating loop.

10. Stronger magnetic fields can be obtained with an
electromagnet. The same DC power source can supply
current to the electromagnet as well as to the rotating
coil. The two components of the circuit, the electromagnet
and the rotating coil, can be connected to the power
source in two different ways.
(a) What are these ways?
(b) How do you think the starting and operating

characteristics of these two types will differ?

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

studyON: Past VCAA exam questions

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

3.5 Combining electric and magnetic fields

KEY CONCEPT
• 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.
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For mass spectrometers and electron microscopes to work, the charged particles all need to be travelling at
the same speed. This is because the radius of the path in a magnetic field for a particle with a given charge
and mass depends on the particle’s speed.

FIGURE 3.16 A Wien filter (also
known as a velocity selector)
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In 1898, Wilhelm Wien (after whom Wien’s Law in
thermodynamics is named) was investigating the charged
particles that are produced when electricity is passed through
gases. To investigate their speed and their charge, he set up a
magnetic field to deflect the beam of charged particles in one
direction, and an electric field to deflect the beam in the opposite
direction. For the charged particles that were undeflected, the
magnetic force must have been balanced by the electric force.
This configuration is now called a Wien filter.

The electric force on a charge in an electric field is F = qE,
and the magnetic force on a moving charge is F = qvB. If the
magnetic and electric forces are balanced, then

qE = qvB

and cancelling q gives

v = E
B

where v is the velocity of an undeflected particle
E is the strength of the electric field
B is the strength of the magnetic field

This formula implies that by controlling the strength of the magnetic and electric fields, one can
determine the velocity of the undeflected particles. Particles travelling faster or slower than the undeflected
particles will be deflected out of the beam. This means that a Wien filter can essentially be used to filter out
particles that are travelling faster or slower than a desired velocity and select only those particles travelling
at the desired velocity. For this reason, a Wien filter is often referred to as a velocity selector.

SAMPLE PROBLEM 7

An electron travels undeflected through a Wien filter, where the magnetic field is 0.0030 T. The
electric field strength is 500 N C-1. Calculate the velocity of the electron.

Teacher-led video: SP7 (eles-XXXX)

THINK WRITE

For the undeflected electron, the magnetic and
electric forces are balanced.

v = 500NC−1

0.0030T
= 1.67 × 105 ms−1
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PRACTICE PROBLEM 7
An electron beam requires electrons moving at 6 × 106 m s−1. A Wien filter, or velocity selector, is set
up with a magnetic field of 0.02 T. How large must the electric field be to select electrons travelling at
6 × 106 m s−1?

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

1. An electron travels undeflected through a Wien filter, where the magnetic field is 0.0060 T. The electric field
strength is 200 N C−1. Calculate the velocity of the electron.

2. An electron beam requires electrons moving at 8 × 106 m s−1. A velocity selector is set up with an electric
field of 5000 V m−1. How large must the magnetic field be in order to select electrons travelling at
8 × 106 m s−1?

3. Consider a Wien filter with the magnetic field coming out of the page and the electric field pointing down the
page. Electrons arrive at the Wien filter from the left. In which direction are electrons with a velocity less than
E

B
deflected?

4. In a mass spectrometer, the sample is vapourised and ionised, resulting in ions with a random distribution of
velocities that are accelerated by a uniform electric field. The ions are then passed through a velocity
selector with a magnetic field strength of 500 mT and an electric field provided by an electrical potential
difference of 1000 V across conducting plates separated by 1.5 mm. Calculate the velocity of ions that pass
through undeflected.

5. Design a velocity selector with a magnetic field down the page, assuming the charged particles are coming
from the left.

6. (a) Calculate the speed acquired by an electron accelerated by
a voltage drop of 100V.

(b) The electron from part (a) enters a velocity selector
with a magnetic field of strength 6.0 mT. For what electric
field strength would the electron be undeflected?

(c) If the plate separation for the electric field was 5.0 cm,
what is the voltage across the plates?

7. A positron enters the following crossed electric and magnetic
field, with a velocity in the direction indicated. The magnetic
field is to the right and the electric field points down the page.

+e 

B = 4.0 mT

Suggest what might happen to the trajectory of the positron
as it traverses the magnetic field.

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

studyON: Past VCAA exam questions

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

3.6 Review
3.6.1 Summary
• A uniform electric field exists between two metal plates connected to a DC supply. The strength of the

electric field, E, is given by the voltage drop or potential difference across the plates, V, over the plate
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separation, d: E = V

d
. This uniform field produces a constant force on a charge and thus a constant

acceleration.
• The work done by the field in moving a charge from one plate to the other is given byW = Vq.
• This is the basis of the operation of a linear particle accelerator.
• A magnetic field exerts a force on a moving charged particle, F = qvB, where v and B are

perpendicular to each other. The direction of the force for a positive moving charge can be determined
by the right-hand-slap rule. The direction of the force is reversed for a negative moving charge.

• A magnetic field exerts a force on a wire carrying an electric current. When the magnetic field and
electric current are perpendicular to each other, the magnitude of the force can be calculated using the
formula F = IlB.

• The direction of the force can be determined by the right-hand-slap rule.
• In a DC motor, a magnetic field is used to rotate a coil of current-carrying wire around a shaft. The

magnetic force produces a torque that turns the coil.
• A commutator is used in a DC motor to reverse the current passing through the coil twice during each

rotation. This ensures that the coil keeps rotating in one direction.
• The force by a magnetic field on a moving charged particle is always at right angles to the direction the

particle is heading. The force constantly changes the direction of travel, producing a circular path.
• The size of the magnetic force on a moving charged particle is equal to qvB, where q and v are the

charge and speed of the particle respectively, and B is the strength of the magnetic field.

• The radius, r, of the curved path of a charged particle in a magnetic field is given by r = mv

Bq
.

• Perpendicular electric and magnetic fields can be used to construct a Wien filter (or velocity selector).

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

3.6.2 Key terms

The left-hand rule and right-hand-slap rule are used to determine the direction of the magnetic force of a
magnetic field on a current or moving positive charge.
A linear particle accelerator is a type of particle accelerator based on the work done by the field in moving a
charge from one plate to the other.
A split ring commutator is a device that reverses the direction of the current flowing through an electric circuit.
The torque is the turning effect of the forces on the coil in an electric motor.
A Wien filter (or velocity selector) is a device that can be used as a velocity filter using a magnetic field to
deflect the beam of charged particles in one direction, and an electric field to deflect the beam in the opposite
direction.

Digital document Key terms glossary (doc-#####)
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3.6.3 Practical work and investigations

FPO

Investigation 3.1
Hand rules
Aim: To check and reinforce the left-hand rule and the right-hand-slap rule for direction of magnetic
field, current and force
Digital document: doc-18541
Teacher-led video: eles-#####

FPO

Investigation 3.2
Electrons in a magnetic field
Aim: To use a cathode ray oscilloscope (CRO) to display variations in voltage applied to the input
terminals
Digital document: doc-18543
Teacher-led video: eles-#####

FPO

Investigation 3.3
Measuring the strength of a magnetic field
Aim: To investigate the relationship F = IlB, by suspending several loops of wire from a spring
balance in a magnetic field and putting a current through the loop
Digital doc ument: doc-18540
Teacher-led video: eles-#####

FPO

Investigation 3.4
Designing an electric DC motor
Aim:
Digital document: doc-#####
Teacher-led video: eles-#####

Investigation 3.5

FPO

Meters
Aim: To examine a meter and use it to show the direction of a magnetic field
Digital document: doc-18542
Teacher-led video: eles-#####

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

3.6 Exercise 1: Multiple choice questions
1. A proton is placed between two conducting plates separated by 1.0 cm, with a potential difference of

500 V across the plates. Which of the following statements is correct?
A. The strength of the electric field varies from 50 000 V m−1 to 0 V m−1 between the plates.
B. The potential difference halfway between the plates is 250 V.
C. The proton is accelerated towards the plate with the higher potential difference.
D. The field between the plates is uniform, so the particle moves with a constant speed.

2. In a linear accelerator, a potential difference of 1000 V is used to accelerate electrons over a 10.0 cm
length. Which of the following is the acceleration experienced by the electrons? (me = 10−30 kg;
q = 1.6 × 10−19 C)
A. 1.6 × 10-47 m s−2 B. 1.6 × 10-46 m s−2

C. 1.6 × 1014 m s−2 D. 1.6 × 1015 m s−2
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3. In an electron gun, electrons are emitted from a hot metal filament and then accelerated between two
charged conducting plates. Which of the following is correct?
A. The kinetic energy of the electrons increases as they pass between the two plates because the

electric field does work on the electrons.
B. The potential energy of the electrons increases as they pass between the two plates because the

electric field does work on the electrons.
C. The force on the electrons changes as they move between the two plates.
D. The acceleration of the electrons changes as they move between the two plates.

4. An electron moves between two conducting plates separated by a distance d with a potential difference
V. If the two plates are brought closer together so that the distance d is halved, how are the acceleration
and change in kinetic energy of an electron that moves between the two plates affected?
A. The acceleration halves and the change in kinetic energy halves.
B. The acceleration halves and the change in kinetic energy stays the same.
C. The acceleration doubles and the change in kinetic energy doubles.
D. The acceleration doubles and the change in kinetic energy stays the same.

5. A proton and an electron have the same speed upon entering a magnetic field that is pointing out of the
page from the left. Both particles follow circular trajectories in the magnetic field. Which of the
following is the trajectory followed by the proton?
A. a clockwise circle with a larger radius than that of the electron
B. a clockwise circle with a smaller radius that that of the electron
C. an anti-clockwise circle with a larger radius than that of the electron
D. an anti-clockwise circle with a smaller radius that that of the electron.

6. Two current-carrying wires A and B are placed parallel to each other. Both wires are conducting equal
currents in the same direction. Which of the following is true?
A. Wire A produces a magnetic field, which causes the current in wire B to experience a repulsive

force.
B. Wire B produces a magnetic field, which causes the current in wire A to experience a repulsive

force.
C. Wire B produces a magnetic field, which causes the current in wire A to experience an attractive

force.
D. If the current in both wires was reversed, the wires would attract each other.

7. A mass spectrometer is used to separate different isotopes of potassium, namely potassium-39 and
potassium-41. The isotopes form positive ions. The ions enter a magnetic field that is pointing into the
page from the left. Which of the following is true?
A. Potassium-39 will experience a larger radius of curvature than potassium-41 and will be deflected

initially upwards.
B. Potassium-39 will experience a larger radius of curvature than potassium-41 and will be deflected

initially downwards.
C. Potassium-39 will experience a smaller radius of curvature than potassium-41 and will be deflected

initially upwards.
D. Potassium-39 will experience a smaller radius of curvature than potassium-41 and will be deflected

initially downwards.
8. A Wien filter is being designed to filter electrons with a speed of 1.5 × 106 m s−1. The electrons are

travelling horizontally and enter the filter from the left. Which combinations of directions of electric
and magnetic fields would create a successful filter?
A. Electric field down the page and magnetic field up the page
B. Electric field down the page and magnetic field into the page
C. Electric field down the page and magnetic field out of the page
D. Electric field up the page and magnetic field into the page.
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9. Consider the simple DC motor
shown in the following diagram.
Which of the following actions
would increase the average
torque on the loop?

Simple Electric Motor

Upward force

Direction of

motionB

D

Graphite brush

Current

–

Commutator

A. Increasing the side length BC
B. Increasing the voltage supplied

to the circuit
C. Increasing the size of the

magnetic field
D. Increasing the number of loop

windings.
10. Which of the following changes would

stop the motor in question 9 from rotating continuously?
A. Reversing the direction of the magnetic field
B. Reversing the direction of the voltage
C. Rotating the direction of the magnetic field to be perpendicular to the direction shown in the

diagram
D. Reversing the direction of the current in the circuit.

3.6 Exercise 2: Short answer questions
1. An electron passes between two charged conducting

plates separated by 3.0 cm, with a potential difference
of 2000 V.

2000 V

e
a. What is the magnitude and direction of the electric

field between the plates?
b. How long does it take the electron to pass from the

first to the second plate?
c. What is the work done by the electric field on the

electron as it passes from the first to the second plate?
d. What is the kinetic energy change experienced by the electron?
e. What is the kinetic energy change experienced by the electron when it is halfway between the

plates?
f. What would be the effect of reversing the applied potential difference?

2. A student wants to increase the energy of particles emitted from an electron gun that has a design
essentially the same as the diagram in question 1. He proposes to do this by doubling the strength of the
electric field through halving the separation between the charged conducting plates. Explain whether or
not this change will achieve the aim of increasing the energy of the emitted particles.

3. a. What is the size of the magnetic force on an electron entering a magnetic field of 250 mT at a speed
of 5.0 × 106 m s−1?

b. Use the mass of the electron to determine its centripetal acceleration.
c. If a proton entered the same field with the same speed, what would its centripetal acceleration be?

4. After a radioactive decay, a beta particle is observed to execute
the following trajectory in a cloud chamber:

What is the direction of the magnetic field experienced by
the beta particle?
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5. What strength of magnetic field would be needed to obtain a radius of 1000 m if an electron has
momentum of 1.0 × 10−18 kg m s−1? (Assume the direction of the momentum of the electrons is
perpendicular to the direction of the magnetic field.)

6. Calculate the size of the force of a magnetic field of strength 0.25 T on a wire of length 0.30 m
carrying a current of 2.4 A at right angles to the field.

7. a. A beam of electrons is directed at right angles to a wire carrying a conventional current from left to
right. What happens to the electrons?

b. A beam of electrons is directed parallel to the same wire with the conventional current travelling in
the same direction. What happens to the electrons?

8. In a mass spectrometer, positively charged ions are
curved in a semicircle by a magnetic field in order for
them to hit a detector at different points depending on the
radius and mass. The ions enter the chamber at the top
left corner and curve around to hit the detector (see the
following diagram). What should be the direction of the
magnetic field for the spectrometer to work properly?

9. Describe how a DC motor works.
10. Consider the velocity selector shown in the following diagram:

pt

–

+

E

B

+ v =v =
E

B

v ≠v ≠
E

B

v ≠v ≠
E

B

Would the same configuration of electric and magnetic
fields work for negatively charged particles?

3.6 Exercise 3: Exam practice questions
1. An electron is placed between two charged conducting

plates separated by a distance of 10.0 cm as shown
in the following diagram. The electric field strength
between the plates is 100 N C−1. P

+ + + + + + + + + + + + + + + +

a. Draw an arrow showing the direction of the force
on an electron placed at point P, 2.5 cm above the
bottom plate.
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b. Calculate the potential difference between the top and bottom plate.
c. Calculate the change in kinetic energy of the electron as it moves from point P to the top plate.

2. A mass spectrometer is designed to separate particles based on the ratio of their mass to charge. The
spectrometer consists of three stages: a linear accelerator, a velocity selector and a uniform magnetic
field. Ions with a mass of 1.2 × 10−26 kg and a charge of +2e are passed through a linear accelerator
with a potential difference of 2000 V.
a. Assume that the ions are initially at rest. Show that, after passing through the linear accelerator, the

velocity of the ions is 3.3 × 105 m s−1.
b. The ions pass through the velocity selector undeflected

into a uniform 0.50 T magnetic field pointing into the
page, as shown in the following diagram:

X X X

X X X

X X X

Calculate the magnitude of the force experienced
by the ions while they are in the magnetic field.

c. Calculate the radius of curvature of the trajectory
followed by the ions.

3. Two sturdy wire cables connect a power supply to a piece of heavy
machinery as shown in the following diagram.

I

I

P Q

a. Draw an arrow at P indicating the direction of the magnetic field
from the right-hand wire.

b. Draw an arrow at Q indicating the direction of the force on the
right-hand wire.

c. Do the two wires attract or repel each other? Explain your response.
4. Consider the DC motor shown in the following diagram. The strength of

the of 15 cm and side lengths BC and DA of 10 cm. The current in the
wire is 3.0 A.

Simple Electric Motor

Graphite brush

Current

Commutator

B

D

–
+

a. Calculate the magnitude of the force on the side length AB.
b. Draw an arrow on side AB indicating the direction of the force on AB at that moment.
c. The polarity of the DC supply is reversed. Explain how this will affect the operation of the motor.
d. A student attempts to make their own motor but has difficulty attaching the commutator. The

commutator is attached with the split in the ring at an angle of 45° from the vertical. Explain how this
will affect the operation of the motor.
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5. An alpha particle (charge = +2e; mass = 6.64 × 10−27 kg) enters a pair
of crossed electric and magnetic fields. The magnetic field is going into
the page and the electric field is pointing downwards. The magnitude of
the electric field is 2000 N C−1.

× × ×

×××

× × ×a. Calculate the electric force on the alpha particle.
b. Given that the initial velocity of the alpha particle is 2.5 × 106 m s−1,

find the magnitude of the magnetic field strength required for the alpha particle to continue
undeflected.

c. A proton with the same initial kinetic energy as the alpha particle enters the crossed fields. Explain
whether the proton will also continue undeflected.

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

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