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How to use this book

How to use this book

A Chapter outline appears at the start of every chapter to set the scene and to help with navigation
through the book

Chapter outline

m define and use distance, displacement, speed and velocity
describe laboratory methods for determining speed

draw and interpret displacement-time graphs

distinguish between scalar and vector quantities, and give examples
add and subtract vector quantities

A list of Key terms are defined and explained clearly at the start of each topic

_

resultant force: the single force acting on a body that has the same effect as the sum of all the
forces acting on it

Equations: force =mass x acceleration; F=ma
weight = mass x gravitational field strength; W= mg

Each Exercise in every chapter helps students to practise the necessary skills for studying
Chemistry at AS and A Level

Exercise 3.3 Force, mass and acceleration

Force, mass and acceleration are linked by the equation F=ma. In this equation,
F represents the resultant force acting on mass m. This exercise gives you practice
using and rearranging this equation.

1 a Atruckof mass40000 kg accelerates at 1.20 m s™.

Calculate the resultant force acting on the truck. Give your answer in kilonewtons (kN).

b Calculate the acceleration of a ball of mass 2.8 kg when a force of 48 N acts on it. TIP
¢ Aspacecraft accelerates at 0.40 m s?when a force of 200 N acts on it. Calculate the mass of You may find
the spacecraft. it simplest to
calculate the car’s
Detailed Learning support is provided throughout to help students to tackle the different average speed.

exercises and build confidence to answer questions independently.
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Exam-style questions allow students to thoroughly prepare for examinations and check
answers which are provided on the CD-ROM at the back of the book.

Exam-style questions

1 Abullet of mass 25 gis travelling at 450 m s when it strikes the armour plating of a tank. It
bounces back along the same path with a speed of 390 m s

a Calculate the change in momentum of the bullet.

b Thetime of impact of the bullet on the tank is 0.040 s. Calculate the average force that acts
on the bullet in this time.

¢ State whether the impact s elastic or inelastic.

Discuss how the principles of conservation of energy and momentum apply to this collision.
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Kinematics - describing motion

define and use distance, displacement, speed and velocity

describe laboratory methods for determining speed

draw and interpret displacement-time graphs

distinguish between scalar and vector quantities, and give examples

add and subtract vector quantities

_

displacement: the distance travelled in a particular direction
scalar: a quantity with magnitude only
vector: a quantity with both magnitude and direction

. distance travelled
Equations: average speed=———
time taken

average s eed—A—d
gesp I

change in displacement
time taken

velocity =

. As
velocity=—
At

These questions will help you to revise calculations involving speed, distance and
time. You will also practise converting units. The Sl unit of time is the second (s). It is
usually best to work in seconds and convert to minutes or hours as the last stepin a
calculation. The correct scientific notation for metres per second is m s,

1 Atraintravels 4000 min 125s. Calculate its average speed.
2 Aspacecraftis orbiting the Earth with a constant speed of 8100 m s=. The radius of its orbit is 6750 km.

a Explain whatis meant by the term constant speed.
b Calculate how farit will travelin 1.0 hour.
¢ Calculate how long it will take to complete one orbit of the Earth. Give your answer in minutes.

3 Anpolice patrol driver sees a car that seems to be travelling too fast on a motorway (freeway). He
times the car over a distance of 3.0 km. The car takes 96 s to travel this distance.

a Thespeed limit on the motorway is 120 km h=. Calculate the distance a car would travel at
120 km h™in one minute.

b Calculate the distance a car would travel at 120 km h7in 1s.
Calculate the average speed of the car, in m s7.

Compare the car’s actual speed with the speed limit. Was the car travelling above or below
the speed limit?
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4 |tisuseful to be able to compare the speeds of different objects. To do this, the speeds must all
be given in the same units.

a Calculate the speed, in m s7, of the objects in each scenario, i-vi. Give your answers
in standard form (also known as scientific notation), with one figure before the decimal
point.

i Lighttravels at 300 000 000 m s™in empty space.
i Aspacecraft travelling to the Moon moves at 11 km s=.
iii  Anathleteruns 100 min 10.41s.
iv  An alpha-particle travels 5.0 cm in 0.043x 107 s.
v TheEarth’s speed in its orbit around the Sunis 107 000 km h.
vi Atrucktravels 150 km along a motorway in 1.75 h.
b Listthe objectsin order, from slowest to fastest.

Exercise 1.2 Measuring speed in the laboratory

You can measure the speed of a moving trolley in the laboratory using a ruler and

a stopwatch. However, you are likely to get better results using light gates and an
electronic timer. In this exercise, you will compare data from these different methods
and practise analysing it.

1 Astudentused astopwatch to measure the time taken by a trolley to travel a measured
distance of 1.0 m.

a Explain why it can be difficult to obtain an accurate measurement of time in this way.
b Explain why the problem is more likely to be greater if the trolley is moving more quickly.

2 This diagram shows how the speed of a trolley can be measured using two light gates
connected to an electronic timer. An interrupt card is fixed to the trolley:

/
light
gates

timer F\
g start

-
stop

a Describe what happens as the trolley passes through the light gates.
Name the quantity shown on the timer.

What other measurement must be made to determine the trolley’s speed? Describe how you
would make this measurement.

d Explain how you would calculate the trolley’s speed from these measurements.
Explain why this method gives the trolley’s average speed.

3 ltis possible to determine the average speed of a trolley using a single light gate.

a Draw adiagram to show how you would do this.
b Describe what happens as the trolley passes through the light gate.
¢ Explain how you would find the trolley’s average speed using this arrangement.
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4 Aticker-timer can also be used to record the movement of a trolley. The ticker-timer makes
N\ marks (dots) on paper tape at equal intervals of time.
TIP
When using ticker- a Sketch the pattern of dots you would expect to see for a trolley travelling at constant speed.
tape timers, think b Aticker-timer makes 50 dots each second on a paper tape. State the time interval between
about whether consecutive dots.
to count the dots ¢ Astudent measures a section of tape. The distance from the first dot to the sixth dot is
or the spaces 12 cm. Calculate the trolley’s average speed in this time interval. Give your answer in m s=.
between the dots.
\ ~  Exercise 1.3 Displacement-time graphs

A displacement-time graph is used to represent an object’s motion. The gradient
of the graph is the object’s velocity. These questions provide practice in drawing,
interpreting and using data from displacement-time graphs.

1 Velocityis defined by the equation:
velocity=A—S
At

a State what the symbols s and t stand for.
State what the symbols As and At stand for.

Sketch a straight-line displacement-time graph and indicate how you would find As and At
from this graph. Remember to label your graph axes with the correct quantities.

2 This sketch graph represents the motion of a car:

SA

0 >
0 t

a Explain how you can tell that the car was moving with constant velocity.

Copy the sketch graph and add a second line to the graph representing the motion of a car
moving with a higher constant velocity. Label this ‘faster’.

¢ Onyour graph, add a third line representing the motion of a car which is stationary. Label
this ‘stationary’.

3 This graph represents the motion of a runnerin a race along a long, straight road:

A
800

700 v

AN

A\

Displacement / m
w P Al D

o

o

S
1SS
\\

\

100 pd

0 >
0 10 20 30 40 50 60 70 80 90 100
Time/s
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Use the graph to deduce:

a thedisplacement of the runner after 75 s
b thetime taken by the runner to complete the first 200 m of the race

¢ therunner’svelocity.

4 Thistable gives values of displacement and time during a short cycle journey:

Displacement / m 0 80 240 400 560 680

Time/s 0 10 20 30 40 50

a Draw adisplacement-time graph for the journey.
b From your graph, deduce the cyclist’s greatest speed during the journey.

Exercise 1.4 Adding vectors

These questions involve thinking about displacement and velocity. These are vector
quantities - they have direction as well as magnitude. Every quantity in physics can be
classified as either a scalar or a vector quantity. A vector quantity can be represented
by an arrow.

1 Ascalar quantity has magnitude only.

a Name the scalar quantity that corresponds to displacement.
Name the scalar quantity that corresponds to velocity.
¢ Foreach of the following quantities, state whether it is a scalar or a vector quantity:

mass, force, acceleration, density, energy, weight

2 Thisdrawing shows a piece of squared paper. Each square measures 1 cm x 1 cm. The track
shows the movement of a spider that ran around on the paper for a short while:

Finish

Start

a How many squares did the spider move to the right, from start to finish?
How many squares did the spider move up the paper?

Calculate the spider’s displacement between start and finish.
Make sure that you give the distance (in cm) and the angle of its displacement relative to
the horizontal.

d Estimate the distance travelled by the spider. Describe your method.



Chapter 1: Kinematics - describing motion

3 Avyachtsails 20 km due north. It then turns 45° to the west and travels a further 12 km.

a Calculate the distance, in km, travelled by the yacht.
b Draw ascale diagram of the yacht’s journey. Include a note of the scale you are using.
¢ By measuring the diagram, determine the yacht’s displacement relative to its starting point.

4 Apassenger jet aircraft can fly at 950 km h relative to the air it is flying through. In still air it will
therefore fly at 950 km h=* relative to the ground.

a Awind of speed 100 km h= blows head-on to the aircraft, slowing it down. What will its
speed relative to the ground be?

b Iftheaircraft was flying in the opposite direction, what would its speed be relative to the
ground?

¢ Theaircraftfliesin a direction such that the wind is blowing at it sideways (in other words,
at90°).

i  Draw adiagram to show how these two velocities add together to give the resultant
velocity of the aircraft.

i Calculate the aircraft’s speed relative to the ground.

Exam-style questions
1 a Define ‘speed’. [1]

This diagram shows a laboratory trolley with an interrupt card mounted on it. The trolley will
pass through a single light gate:

stop
start
light <
timer gate\

N

\
b Explain how the card causes the timer to start and stop. [3]
¢ Thecardis 10 cm wide. The timer indicates a time of 0.76 s. Calculate the average speed of

the trolley. 2]

d Explain why the speed you calculated in c is the trolley’s average speed. [1]

2 Aslow goods train is travelling at a speed of 50 km h= along a track. A passenger express train
that travels at 120 km h= sets off along the same track two hours after the goods train.

a Draw a displacement-time graph to represent the motion of the two trains. [4]

b Use your graph to determine the time at which the express train will catch up with the
goods train. [1]
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3 This graph represents the motion of a car along a straight road:

A

80 -+
70
60 ~
50

40 -

Displacement / km

30 1

20

10

Time / h

- From the graph, deduce the following:
1

a thetime taken for the car’s journey [1]
b thedistance travelled by the car during its journey (1]
¢ thecar’saverage speed duringits journey [1]
d thecar’s greatest speed during its journey 1]
e theamount of time the car spent travelling at the speed you calculated in d [1]
f thedistance it travelled at this speed. [1]

4 Aphysical quantity can be described as either ‘scalar’ or ‘vector’.

a State the difference between a scalar quantity and a vector quantity.

N

b Define displacement.

—
—
[l

Alight aircraft flies due east at 80 km h= for 1.5 h. It then flies due north at 90 km h= for 0.8 h.

¢ Calculate the distance travelled by the aircraft in each stage of its journey.

N

Draw a scale diagram to represent the aircraft’s journey.

N

Use your diagram to determine the aircraft’s final displacement relative to its
starting point. 2]



Accelerated motion

define and use the term ‘acceleration’

draw velocity-time graphs and use them to determine acceleration and displacement

derive and use the four equations of motion for uniformly accelerated motion in a straight line
solve problems involving motion under gravity, including free fall and the motion of projectiles
describe an experiment to determine the acceleration of free fall

_

acceleration: rate of change of velocity

change in velocity

Equations: acceleration= -
time taken

v-u_ Av
t At
Equations of motion for constant acceleration: Equation 1: v=u+at

Equation 2: s:w;—v) Xt

Equation3: s=ut + %atz

Equation 4: v?=u?+ 2as

This exercise provides practice in drawing, using and interpreting velocity-time
graphs. Remember that acceleration is the gradient of a velocity-time graph;
displacement is the area under a velocity-time graph.

1 This graph represents the motion of a vehicle:

/
30

25+

Velocity /ms™1
= - N
o (6] o

(&)
1

ve}
R U U S RS SR I S A W
N N N =)

0 10 20 30 40 50
Time/s

D
o
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a How can you tell from the graph that the vehicle started from rest?
b After what time did the vehicle stop accelerating? Explain how you can tell.

The vehicle is accelerating in the section AB. Use the triangle ABX to calculate the time for
which the vehicle accelerated in this section.

d Deduce theincrease in the vehicle’s velocity in this time.
Use your answers to ¢ and d to calculate the vehicle’s acceleration in the section AB.

f Now consider section BC of the graph. Follow the same steps as parts c to e to calculate the
vehicle’s acceleration in the section BC.

g Calculate the area of the triangle ABX. What does this area represent?
h Calculate the total distance travelled by the vehicle in its journey ABCD.

2 Thistable shows how the velocity of a car changed as it moved along a straight road:

Velocity / ms™ 10 10 17 24 28 28 28

Time/s 0 20 40 60 80 100 120

a Draw a velocity-time graph to represent the car’s journey.

b Between which two times was the car’s acceleration greatest? Calculate its acceleration
between these times.

¢ Calculate the distance travelled by the car during its journey. You will need to divide the area
under the graph into rectangles and triangles.

3 Acarisapproaching traffic lights. The driver brakes so that the car’s velocity decreases from
22ms?to7mstinatimeof10s.

a Sketch a velocity-time graph to represent this section of the car’s journey.
b Calculate the car’s acceleration.

¢ State how the graph shows that the caris decelerating. Remember that ‘decelerating’ means
that the car’s velocity is decreasing; its acceleration is negative.

d Onyour graph, shade the area which represents the car’s displacement as it is braking.
e Calculate the displacement of the car as it is braking.

4 Amovingtrain decelerates at a rate of 0.2 m s for a time of 50 s. In this time it travels a distance
of 2000 m. Deduce the train’s velocity just before it started to decelerate. Start by sketching a
velocity-time graph and mark on it the information given in the question.

Exercise 2.2 Deriving the equations of motion

There are four equations of motion, sometimes known as the ‘suvat equations’.
This exercise will help you to understand their derivation.

Equation1l: v=u+at

Equation2: s= M Xt

Equation3: s=ut+ Jat?
Equation4: vZ=u’+2as
1 a Whichquantities do the symbolss, u, v, a and t represent?

b The equations only apply to an object moving with uniform acceleration in a straight line.
What is meant by the phrase ‘uniform acceleration’? Remember that accelerationis a
vector quantity.



TIP

Equation 1 defines
acceleration.

Chapter 2: Accelerated motion

Equation 1 can be deduced from the definition of acceleration.

a Acceleration can be defined as:

(final velocity —initial velocity)

time
Write this equation in symbols.
b Rearrange the equation to give the first of the equations of motion.
Which of the five quantities from question 1 is not involved in this equation?

Equation 2 can be found by imagining that an object moves at a constant velocity equal to its
average velocity.

a Write an equation (in words and then in symbols) for the object’s average velocity, in terms
of its initial and final velocities.

b Useyouranswer to part a to write down the equation for displacement. To find the object’s
displacement, multiply the average velocity by the time taken.

¢ Which of the five quantities from question 1 is not involved in this equation?

To deduce the equations 3 and 4, we start from a simple velocity-time graph:

Velocity / m st
<

Time/s

a Describe the motion represented by this graph.

We have to deduce an equation for displacement. This is represented by the area under the
graph. We can divide this area into two parts:

displacement = area of rectangle + area of triangle

b The area of the rectangle represents the displacement if the object had moved at a steady
speed u for time t. What is the value of this area?

¢ Thearea of the triangle represents the object’s additional displacement resulting from
its acceleration. The height of this triangle is v - u. Rearrange the equation that defines
acceleration to find the height of the triangle in terms of a and t.
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d Theareaofa triangle =1§ x base x height. Use your answer from ¢ to write down the
area of the triangle in terms of g and t.

e Write down the complete equation for displacement s in terms of the two areas.

f Which of the five quantities from question 1 is not involved in this equation?

5 Equation 4 has to be deduced from the equations 1 and 2, using algebra.

a Write out equation 1. Rearrange it so that time tis its subject.
Write out equation 2. Substitute for t using your answer to part a.

¢ Rearrange the equation to give an expression which has the form of ‘the difference of two
squares.

d Make v the subject of the equation.
e Which of the five quantities from question 1 is not involved in this equation?

Exercise 2.3 Using the equations of motion

When using the equations of motion, you need to identify the ‘suvat’ quantities
involved and the equation that links them.

1 Atruckis moving at 12 ms™. It accelerates uniformly at 0.75 m s for 20 s.

a Calculate the velocity of the truck after this time.
b Calculate the average velocity of the truck while it is accelerating.
n ¢ Useyouranswersto aand b to calculate the distance the lorry travels while it is accelerating.
d Checkthatyou get the same answer to ¢ using the equation:
TIP
Because the four S:Ut% +at?

suvat equations
are connected to
each other, you
can usually find
a way of using
an alternative
equation to check 3 Acarisstationary. It accelerates at 0.8 m s for 10 s and then at 0.4 m s for a further 10 s. Use
an answer. the equations of motion to deduce the car’s final displacement. You will have to split the journey
into two parts, since the acceleration changes after 10 s.

2 A moving train decelerates at a rate of 0.2 m s for a time of 50 s. In this time it travels a distance
of 2000 m. Use one of the equations of motion to deduce the train’s velocity just before it started
to accelerate. (This is question 4 from Exercise 2.1 but now you can solve it more directly using
one of the equations of motion.)

4 Acarisbeingtested on a track. The driver approaches the test section at a speed of 28 m s™. He
then accelerates at a uniform rate between two markers separated by 100 m. The car reaches a
speed of 41 m s

a Calculate the car’s acceleration.
b Calculate the time during which the car is accelerating.



TIP

When considering
motion under
gravity, we need
to use vector
quantities. We have
to be careful to
take into account
the directions

of forces and
velocities. A useful
sign convention is
to regard upwards
as positive,
downwards as
negative.

Chapter 2: Accelerated motion

Exercise 2.4 Motion under gravity

When an object moves in free fall under gravity, the only force acting on it is its weight,
which acts vertically downwards. Near the surface of the Earth, the acceleration due
to gravity is g =9.81 m s72 (approximately) vertically downwards. You can use the
equations of motion to solve problems involving motion under gravity.

1 Givethesign, positive or negative, of the force due to gravity near the surface of the Earth.

2 Astoneisthrown vertically upwards. Eventually it falls to the ground.

a Copy and complete this table to show the signs, positive or negative, of the quantities
shown.

Quantity ‘ Displacement ‘ Velocity ‘ Acceleration

stone moving upwards

stone at highest position

stone falling downwards

b Which of these velocity-time graphs represents the motion of the stone?
Explain your choice.

v v v v
0 0 0 0
0 t 0 t 0 t t
A B C D

3 Achild throws a ball vertically upwards and catches it when it returns to the ground. The ball’s
initial upward velocity is 6.5 m s

a Calculate the height to which the ball rises. Think about the ball’s velocity at its
highest point.

b Calculate the time the ball spends in the air. Think about the ball’s final velocity.

The child is standing on the edge of a cliff 55 m high when she throws the ball. She allows the
ballto fall to the bottom of the cliff.

¢ Calculate the speed with which the ball reaches the ground at the foot of the cliff.

d Calculate the time the ball spends in the air. Remember to consider both the upward and
downward parts of the ball’'s movement.

4 Anobjectthatis fired or thrown upwards at an angle is called a projectile. This diagram shows
the path of a projectile - in this case, an arrow - fired at 45° to the horizontal with an initial
velocity of 24 m s7. It then moves freely through the air, so that the only force acting on it is
gravity. It lands some distance away on the level ground:

45°

To calculate the distance travelled by the arrow, we must first calculate the time it spends in
the air. To do this, we consider its vertical motion.
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a Calculate the vertical (upward) component of the arrow’s initial velocity.
b Whatisthe arrow’s vertical displacement when it lands on the ground?
¢ Calculate the time the arrow spends in the air.

Now we can consider the arrow’s horizontal motion.

d No horizontal forces act on the arrow. What is its horizontal acceleration?
e Calculate the horizontal component of the arrow’s initial velocity.

f Calculate the distance travelled horizontally by the arrow. (You have calculated the time
taken in part ¢ and the arrow’s horizontal velocity in part e.)

5 Aprojectile travels the greatest horizontal distance on level ground if it is initially fired at 45°
to the horizontal. Calculate the distance travelled by the arrow in question 4 if it was fired at
50° to the horizontal, at the same initial velocity as before. You can follow the same logical
approach as in question 4.

Exam-style questions
1 a Define acceleration. (1]

Atrain is travelling at 40 m s when the driver sees a red signal at a distance of 2.2 km ahead.
The driver applies the brakes so that the train slows down with uniform acceleration and stops
as it reaches the signal.

b Calculate the train’s acceleration as it is braking.
¢ Calculate the time taken for the train to come to a halt.
d Sketch a velocity-time graph for this part of the train’s journey. State how your graph
shows that the train’s acceleration is uniform.

N Y

N

e |Indicate onyour graph the area that represents the distance travelled by the train. [

[l

2 Inanexperiment to determine g, the acceleration of free fall, a ball-bearing is released so that
it falls through a trapdoor, as shown in this diagram:

electromagnet
ball-bearing

The timer starts when the ball is released and stops when the ball reaches the trapdoor.

a Explain how you would determine g from the height h and the time taken t. [3]

b Thetimerused isvery accurate and a ruler is used to measure h. Suggest two
sources of uncertainty in the experiment and explain in each case how they
affect the calculated value for g. [4]
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In an attempt to determine g using projectile motion, a student fires a metal ball with an
initial velocity of 12.0 m s and at an angle of 45° to the horizontal, as shown below. The ball
lands at a distance of 14.7 m on level ground. (You may assume air resistance is negligible.)

3

path of ball

45°

X

By considering the ball’s horizontal motion, calculate the time taken for the ball to travel
this distance. 2]

By considering the ball’s vertical motion, calculate a value for the acceleration of
free fall. (2]




Dynamics - explaining motion

identify the forces acting on a body and represent them on a free body diagram
calculate the resultant of several forces

use the relationship force = mass x acceleration

use the concept of weight as the effect of a gravitational field on a mass

describe the motion of objects falling in a uniform gravitational field with air resistance
understand that the weight of an object may be taken as acting at its centre of gravity

_

resultant force: the single force acting on a body that has the same effect as the sum of all the
forces acting on it

Equations: force =mass x acceleration; F=ma

weight = mass x gravitational field strength; W= mg

You can determine how an object will move by considering all the forces acting on it.
But first you must be able to identify the forces acting on an object and represent
them on a free body diagram.

1 Thisdiagram shows a man pushing a car to start it moving:

a Torepresentthe caras afree body diagram, draw a rectangle. Add arrows to represent each
of these forces:

e the pushingforce provided by the man
e theweightof the car
e theupward contact force of the ground on the car.

Note that, although there will be an upward force on each of the car’s wheels, we can
represent this as a single upward force.

b Nowimagine that the caris travelling at a steady speed. The forward force on the caris
provided by the engine; a backward force is provided by friction with the air. Draw a second
free body diagram to represent this situation.

¢ Thecar presses down on the road. Explain why this force is not included on the free body
diagram.
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2 Thisdiagram shows a skier moving quickly down a slope:

a Copy the rectangle which represents the skier. Add arrows to represent each of these forces
acting on the skier:

e herweight; remember that weight acts vertically downwards

e the contact force of the ground; remember that the contact force acts at right angles to
the surface

e airresistance and friction with the ground (these can be represented by a single arrow);
remember that these forces act in the opposite direction to an object’s motion.

b Nowimagine that the skier reaches level ground. Draw a free body diagram to show the
forces acting on her.

3 When a fish moves through water, four forces act on it: -
15
e itsweight

e theupthrust of the water
e theforward force produced by the movement of its body and fins
e theresistance of the water.
a Draw a free body diagram to represent these forces acting on a fish as it moves horizontally
through water.

b Some fish leap out of the water to avoid predators. Think about the forces acting on the
fish as it moves horizontally through the air. Draw a free body diagram for the fish in this
situation. (Air resistance is negligible.)

Exercise 3.2 How forces affect motion

If the forces acting on a body are unbalanced, it will accelerate. Otherwise it will
remain at rest or moving with constant velocity. This exercise gives you practice
identifying resultant forces and the resultant accelerations.

1 Thesediagrams represent the forces acting on each of three objects, A, Band C:

T30N TlON TZSN
6N 5N

12N | —— 5N 5N ] 8N
] A — | B |e+——r0 C |a——
N —

l 6N T TN l
30N 10N 25N
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TIP

You may find

it simplest to
calculate the car’s
average speed.

a Determine the resultant force acting on each object. Which object has balanced forces
actingon it?

b Foreach of the other two objects, draw a diagram and add an arrow to represent the
resultant force.

¢ Describe how each of the objects will move as a result of the forces acting on it.

2 These free body diagrams represent the forces acting on two cars:

7000 N 7000 N
850N 1 1200N 800 N ]
- e E— -

] ]
l 7000 N l 7000 N
Diagram 1 Diagram 2

a Which diagram represents the forces acting on a car that is accelerating to the right?

b Calculate the resultant force acting on this car.

The other diagram represents the forces on a car that is braking.

¢ Name the forces acting on this car.
d Calculate the resultant force acting on this car.

Exercise 3.3 Force, mass and acceleration

Force, mass and acceleration are linked by the equation F=ma. In this equation,
F represents the resultant force acting on mass m. This exercise gives you practice
using and rearranging this equation.

1 a Atruckof mass40000 kg accelerates at 1.20 m s=.
Calculate the resultant force acting on the truck. Give your answer in kilonewtons (kN).

b Calculate the acceleration of a ball of mass 2.8 kg when a force of 48 N acts on it.

¢ Aspacecraft accelerates at 0.40 m s? when a force of 200 N acts on it. Calculate the mass of
the spacecraft.

2 Aparachutist has a mass of 95 kg. She is acted on by an upward force of 1200 N caused by her
parachute. (Acceleration due to gravity g=9.81 m s=.)

a Calculate the parachutist’s weight.
Calculate the resultant force acting on her and give its direction.

Calculate her acceleration and give its direction. (To find the direction, it can help to draw
asimple free body diagram.)

3 Acarofmass 680 kgis moving at 12 m s. When the driver presses harder on the accelerator
pedal, there is a resultant forward force of 510 N on the car. This force acts for 20 s. Calculate:

a thecar’sspeed after this time
b thedistance travelled by the carin this time.
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4 Anastronautis on the Moon. He picks up a small rock. He carries out two simple experiments
to determine its mass.

a Hedropsthe rock from a height of 2.0 m and finds that it takes 1.6 s to reach the ground.
Use this result to estimate the acceleration due to gravity on the Moon’s surface.

b He hangsthe rock from a newtonmeter and finds that its weight is 3.9 N. Use your answer
to part a to estimate the mass of the rock.

¢ Calculate the weight of the rock on the surface of the Earth. Remember, the equation
W=mgis true everywhere, but g varies from place to place.

Exercise 3.4 Terminal velocity

When an object moves through a fluid, such as air or water, it experiences an
additional drag force. These questions are about how this force affects the
body’s motion.

1 Thisdiagram shows a ship moving through water:

250 kN ! ‘ 500 kN

Two horizontal forces act on the ship: the forward thrust provided by its engines and the
backward drag force of the water.

a Determine the resultant force acting on the ship. Remember to give both magnitude
and direction.

b The ship has a mass of 200 tonnes. Calculate its acceleration. (1 tonne = 10° kg)

The drag force on the ship increases as it moves faster. Eventually the ship’s velocity is
constant.

¢ Theship has reached terminal velocity. Calculate the ship’s acceleration at this point.
d What can you say about the two horizontal forces acting on the ship?
e Suggest two ways in which the ship’s terminal velocity might be increased.

The ship leaves port and its engines are set to deliver constant maximum thrust.

f Lookatthese graphs:

Graph A Graph B Graph C
oy oy z
o 'S o
L) o o
(V] (] (]
= > >
0 0 0
0 0 0

Time Time Time
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Which of the graphs might represent how the ship’s velocity changes? Explain your choice.
Think about the gradient of the graphs.

g Sketch a graph to show how the ship’s acceleration changes up to the time when it reaches
terminal velocity.

2 These two diagrams show the forces acting on a parachutist at different points as he falls
towards the ground:

Diagram 1
Diagram 2

The lengths of the arrows represent the relative sizes of the forces.

a Name the two forces acting upwards and downwards on the parachutist.

Which of the two diagrams represents the forces acting when the parachutist is moving
more quickly through the air? Explain how you know.

¢ Which of the diagrams represents the forces acting as the parachutist falls at a slow, steady
speed? Explain how you know.

d A parachutist falls freely through the air before opening his parachute. Explain why he
decelerates when his parachute opens.

Exam-style questions

1 Aspherical ball of mass 12 g is dropped from rest near the Earth’s surface. It accelerates but
eventually reaches a constant velocity downwards, known as the terminal velocity.

Two forces act on the ball, its weight, 0.12 N and air resistance F which acts upwards.

a Explain, using ideas about these forces why the initial downwards acceleration

of the ball is 10 m s, 2]
b Explain, using ideas about the forces, why the ball eventually reaches
a constant speed. (2]

¢ Theballfalls through a vertical height of 4.0 m.
i Assuming that thereis no air resistance, calculate the final speed of the ball. 2]

ii Atlow speeds, the air resistance force F is given by the expression F=3.6 x 10y,
where vis the speed of the ball measured in m s and Fis measured in N.
Show that the assumption in i is justified.

d Atoneinstantin the motion, the air resistance acting on the ball is 0.050 N.
Calculate the acceleration of the ball. 2]
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2 Aboxof mass 12 kgis pulled along a rough floor by a force £. As it moves along the floor,
a resultant force of 40 N acts on the box.

a Draw a labelled free body diagram to represent all the forces acting on the box
and explain how a resultant force acts on the box. [3]

b Theboxaccelerates from rest to a speed of 6.0 m s™in atime t and travels a distance d.
i Calculate the value of t. 2]

ii  The same resultant force continues to act in the box and the speed changes from
6.0 mstto 12 ms™ Explain why the time taken is the same as t but the distance
travelled is not the same as d. 2]

¢ Thebox passes over a rough patch in the floor and the box slides in a straight line
with a constant velocity. Explain what has happened to the forces on the box. [2]

3 Atabletennis ballis thrown upwards. It rises through the air and then falls back to the ground,
as shown in this diagram:

v

Point A

For such a light-weight ball, air resistance is a significant force. Air resistance acts in the opposite
direction to the ball’s velocity and increases as its velocity increases.

a Draw a free body diagram to show the forces acting on the ball when it is moving
upwards at point A. [2]

b State the direction of the ball’'s resultant acceleration when it is moving upwards at
point A. [1]

¢ Astheball falls downwards, it passes again through point A. State whether its
acceleration will be greater than, less than, or the same as when it was at point A,
moving upwards. Explain your answer.

NN

d State the ball's acceleration when itis at its highest point. Explain your answer.



Forces - vectors and moments

add two or more coplanar forces

resolve a force into perpendicular components

define and calculate the moment of a force

state the conditions for a body to be in equilibrium

use a vector triangle to represent coplanar forces in equilibrium
state and apply the principle of moments

define and use the concept of a ‘couple’ and calculate the torque of a couple

_

component of a force: the resolved part of a force in a particular direction
equilibrium: when the resultant force and the resultant moment on a body are both zero
Equations: moment = force x perpendicular distance from pivot

moment of a couple (torque) = one of the forces x perpendicular distance between

the forces
Chapter 3 included some problems in which a body was acted on by more than one
force. This exercise includes situations where you need to use vector addition to find a
resultant force.
1 Thisdiagram shows an object with two forces acting on it. The forces are at 90° to each other:
20N
N 20N
10N
10N
If you see an
angleof90°ina The diagram also shows the triangle we use to add these forces. In this case, it is sufficient to
question, you will sketch the triangle.
probably have to
use Pythagoras’ a Which side of the triangle represents the resultant force acting on the object?
theorem. b Calculate the magnitude of the resultant force.

¢ Usetrigonometry to calculate the angle of the resultant force to the horizontal.

2 Afalling stoneis acted on by two forces:

e itsweight, acting vertically downwards, of magnitude 15 N
e aforceduetothe wind, acting horizontally, of magnitude 3 N.
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a Draw afree body diagram to show the forces acting on the stone.
Sketch a triangle that will allow you to determine the resultant of the two forces.

In your triangle, the forces will have the same directions as in the free body diagram but they
will be shown head-to-tail. Use Pythagoras’ theorem to determine the magnitude of the
resultant force on the stone.

d Usetrigonometry to calculate the angle of the resultant force to the horizontal.

3 Thisdiagram shows an object with two forces acting on it. In this case the two forces are not at
90° to each other:

200N

60°

120N 120N

The diagram also shows the triangle we use to add these forces. Note that the lines representing
the two forces are joined head-to-tail.

a Draw ascale diagram of the triangle. Use a scale of 20 N cm™ so that the 200 N force is
represented by a line of length 10 cm.

b Measure the length of the side of the triangle that represents the resultant force. State the
value of the resultant force.

¢ Measure the angle between the resultant force and the horizontal. State its value.
4 This free body diagram shows the two forces acting on a ship as its engine causes it to change
direction:

force of engine
=1200 kN

drag =500 kN /

a Sketch a triangle that will allow you to determine the resultant force on the ship.

Now, following the same procedure as in question 3, make a scale drawing and use it to
deduce the magnitude and direction of the resultant force on the ship. Choose a scale that
will give a large triangle covering, perhaps, half a page.

Exercise 4.2 Resolving forces

A single force can be broken down (resolved) into two components at right angles to
each other.

1 Lookatthesediagrams:

100N

_____ 30°

horizontal
component

Diagram 1 Diagram 2

Diagram 1 represents a force of 100 N acting at 30° to the horizontal.
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Diagram 2 indicates how we would find the horizontal component of this force. We draw a
right-angled triangle with the force vector as its hypotenuse. The horizontal component is then
represented by the horizontal side of the triangle.

a Usetrigonometry to determine the horizontal component of the force.

Use a similar method to calculate the vertical component of the force. (You could draw a
new triangle or use the one (shown) above.)

¢ Checkyouranswers by using Pythagoras’ theorem to show that the resultant of the two
components is equal to the original force (100 N).

2 Aforce of 250 N acts at an angle of 45° to the vertical.

a Determine the horizontal and vertical components of this force. Include a sketch to show
these two components.

b Explain why these two components are equal in magnitude. (Think about the angle between
each component and the force.)

3 Thisdiagram represents the forces acting on a skier moving down a slope. The skier is
accelerating down the slope:

contact force=658 N

drag=120N

a Calculate the component of the skier’s weight down the slope.
b Calculate the net force on the skier down the slope.
¢ Explain why the contact force of the ground on the skier does not cause him to accelerate.

d Show that the component of the skier’s weight at right angles to the slope is equal to the
contact force.

4 Theidea of resolving a force to find its component in a particular direction can be extended
to any other vector quantity. For example: if an aircraft is flying NE at 300 m s, calculate the
component of its velocity in the direction due east.

Exercise 4.3 Moment of a force

There are two ways to increase the turning effect of a force (its moment):

e increase the force
e increase the distance of the force from the pivot.

This exercise provides practice in using this relationship.
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1 Thisdiagram shows a beam that is acted on by four forces:

C

- 0.75m 040m .

50N w 75N

The beam is balanced at its centre of gravity. This means that we can ignore two forces (the
weight of the beam W and the upward contact force C of the pivot on the beam) because they
pass through the pivot (distance =0).

You have to decide whether the beam is in equilibrium.

a Calculate the moment of the 50 N force about the pivot. State whether the moment acts
clockwise or anticlockwise.

b Repeat forthe 75 N force.
Is the beam in equilibrium? Explain your answer.

2 Thisdiagram shows a beam thatis acted on by four forces. It is in equilibrium:

45cm 25cm .

I
PaN

20N X
You have to find the unknown force X.

a Calculate the moment of the 20 N force about the pivot. State whether the moment acts
clockwise or anticlockwise.

b Thebeam isbalanced so the unknown force X has an equal but opposite moment about the
pivot. Use this fact to calculate the value of X.

3 Thisdiagram shows a beam that is acted on by four forces. It is in equilibrium:

C
.02m[02m, 0.4m

o ) X W=5.0N 2.0N

TIP

In calculating X, The beam’s weight does not act through the pivot and so it will have a turning effect that must
you can ignore the be taken into account.

contact force C ) ]

AR T Aehs &l a Two forces act clockwise about the pivot. Calculate the moment of each of these forces.

the pivot, the point Add the moments to find the total clockwise moment.

about which we are b Calculate the unknown force X.

taking moments. Knowing that the beam is balanced (in equilibrium), we can say that there is no resultant force

\_ J acting on it. Use this idea to calculate the contact force C that acts on the beam at the pivot.
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4 Two children are using a long, uniform plank balanced on a cylindrical oil drum as a seesaw. The
plank has a mass of 40 kg. It is 5.0 min length and it is pivoted at a point 2.0 m from one end.

Child A has a mass of 45 kg and sits at the end nearer to the pivot. Child B has a mass of 25 kg
and sits at the other end.

a Which one word in the question tells you that the plank’s centre of gravity is at its midpoint?

b Draw adiagram to represent this situation. Show the forces acting as multiples of g, the
acceleration due to gravity.

¢ Determine the resultant moment acting on the plank and indicate its direction on your
diagram.

5 Thisdiagram shows a box of length 25 cm acted on by four forces:

A=10N D=20N

T

B=20N C=20N

a Which two forces constitute a couple acting on the box? Explain your choice.
b Calculate the torque of the couple.

Exam-style questions

1 Apendulum consists of a spherical mass (a bob) on the end of a light string. In this diagram, the
bob is stationary. It is acted on by the horizontal force F. The bob has a weight of 1.8 N.

tension

weight

a Thebobisacted on by three forces. State whether the bob is in equilibrium,

and explain your answer. 2]
b Determine the vertical component of the tension in the string. 2]
¢ Determine the tension in the string. [2]
d Determine the value of the force F. [2]
e Thebobis released by removing the force F. What will be the resultant force acting

on the bob at this instant? Give its magnitude and direction. 2]
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2 This diagram represents a uniform rectangular block of weight 40 N. The block is stationary;
it has been raised at one corner by a vertical force X:

X

a State the two conditions required for a body to be in equilibrium.

N

Calculate the value of the force X.

N

Calculate the value of the contact force that acts on the box at the point where the box
touches the ground. Give the direction of this force. (2]

3 Aflower basket is hung from the end of a uniform horizontal pole which projects from a wall, as
shown. The pole is supported by a cable attached to a higher point on the wall:

\'

L L L L
- O ——
o
3]

1.8m

‘44‘**

The pole has a mass of 10.0 kg; the flower basket has a mass of 14.0 kg.

a By taking moments about the right hand end of the pole, determine the value of the
tension in the cable T.

&l

b The wall exerts a force R on the pole. Deduce the horizontal component of k.

I



Work, energy and power

understand and use the concept of work

apply the principle of conservation of energy

understand and use the relationship between force and potential energy in a uniform field
derive and use the formulae for kinetic energy (KE) and gravitational potential energy (GPE)
use the equation for power

understand what is meant by the efficiency of a system, and use this to solve problems

describe how energy losses arise in practical devices

_

kinetic energy (KE): the energy of an object due to its motion

gravitational potential energy (GPE): the energy of an object due to its position in a
gravitational field

joule: the work done (or energy transferred) when a force of 1 N moves a distance of 1 m in the
direction of the force

power: the rate at which work is done (or energy is transferred)

Equations: work done =force x displacement W = Fs
work done by a gas expanding, W= pAV
change in gravitational potential energy, AE, = mg Ah
kinetic energy, £, = % mv?
useful output energy
total input energy

efficiency = X 100%

power, P = %

When a force F acts on a body, the force may do work on the body. This exercise
provides practice in calculating the work done in a number of different situations.

You can calculate 1 Thejouleis defined as the work done (or energy transferred) when a force of 1 N moves

thevyork dre a distance of 1 min the direction of the force. You should be able to answer the following
Wusing W=Fs. . . . .
questions using mental arithmetic.
Take care! The
displacements Calculate the work done when:
must be in the
e efihe a aforceof 1 N moves adistance of 5 min the direction of the force
force. b aforce of 30 N moves a distance of 1 m in the direction of the force

¢ aforce of 30 N moves a distance of 5 m in the direction of the force.
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2 Imagine that you are trying to push a broken-down car along the road. You are not strong
enough to make the car move.

a Fourforces are acting on the car (its weight, the upward reaction of the road, your push and
friction). Explain how you know that none of these forces does work on the car.

b Acraneisused to lift the car upwards, off the road. Draw a free body diagram showing the
forces that act on the car when it is above the ground.

¢ Which force has done work on the car when it has been lifted like this?

The lifting force of the crane is 7500 N. Calculate the work done on the car when it has been
raised 2.4 m above the road.

3 Achild sits at the top of a long, smooth slide, as shown below. Her mass is 50 kg.

a Calculate the child’s weight.

What does the word ‘smooth’ suggest to you about the frictional force on the child when

TIP
ide?
Look out for the she goes down the slide?
‘code’ word smooth ¢ Which force does work on the child as she goes down the slide?
in future questions d Calculate the work done on the child by this force as she moves from the top of the
during your course. slide to the bottom. Remember that the distance moved must be in the direction of

the force.

e Describe how the child’s speed changes as she slides down.
4 When aforce does work on a body, it transfers energy to the body. The amount of energy

transferred to the body is equal to the work done on it by the force.

Look back at question 2 to answer parts a and b.

a By how much does the energy of the car increase when the crane lifts it to a height of 2.4 m
above the ground?

b What form does this increase in energy take?
Look back at question 3 to answer part c.

¢ Thechild’s KE increases as she moves down the slide. Determine the increase in her KE as
she moves down the full length of the slide.

Use the principle of conservation of energy to answer part d.

d Inpractice, noslide is perfectly smooth. Suppose that a frictional force of 80 N acts up the
slide. Calculate the work done against this force as the girl moves down the slide.

e Calculate theincrease in the girl’s KE in this situation.
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5 Thisdiagram shows the orbits of two satellites around the Earth:

elliptical orbit

circular orbit

One orbitis circular; the other is elliptical. In each case, the only force acting on the satellite is
the pull of the Earth’s gravity.

a Explain why the force of gravity does no work on the satellite that is in a circular orbit.

For the satellite in an elliptical orbit, its distance from the Earth changes. Some of the time it is
closer to the Earth, and some of the time it is further away.

b Atwhich pointinits orbit does the satellite have its maximum GPE?
Think about how GPE depends on height above the Earth’s surface.

¢ Usetheidea of ‘work done by a force’ to explain why the satellite’s speed increases as it
moves closer to the Earth.

d Atwhich pointinits orbit does the satellite have its maximum KE?
e Describe how the satellite’s speed changes as it travels around its orbit.

6 This diagram shows a mass of gas trapped in a cylinder by a piston:

A

The gas exerts pressure on the circular end of the piston. The gas is heated and it expands. It
must do work pushing the piston outwards.

In parts a and b of this question you will calculate, from first principles, the work done on the
piston by the gas as it expands.
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a The pressure of the gasis 100 kPa. It presses on the piston whose area A is 50 cm?. Calculate
the force on the piston.
Remember:

P=Z

where p = pressure; F=force; A= area.

b Asthe gas expands, the piston is pushed through a distance s =80 cm. Calculate the work
done on the piston by the gas.

An alternative way to calculate the work done by the gas is to use the equation:
W=pAV
where W=work done; p = pressure; A/=increase in volume of the gas.

Look at the diagram again. The increase in volume AV is the cylindrical section of length s and
areaA.

¢ Calculate AV using the values of s and A given above. Give your answer in m?,
Calculate W using W= pAV. Do you get the same answer as in part b before?

You can only use the equation W= pAVin situations where the pressure p is constant. Explain
why this is so. Think about the force exerted by the gas on the piston.

Exercise 5.2 Gravitational potential energy and

kinetic energy
You can calculate the GPE and the KE of an object using these equations:

E,=mgh

EkZ%mVZ

In this exercise you will look at the derivations of these equations. (The acceleration
due to gravity at the surface of the Earth is 9.81 m s2.)

1 Aballof mass 0.35 kg was thrown upwards. It reached a height of 5.3 m above its starting
position.

a Calculate the weight of the ball.
b Calculate the increase in its GPE when itis at its highest point.
¢ Determine the decrease in the ball’s GPE as it falls back down to its starting position.

2 Theequation for GPEis £,=mgh.

a State the quantities represented by the symbols m, g and h.

A body of mass m was raised at a steady speed in a gravitational field by a force F.

b Explain how you know that the forces on the body were balanced.

¢ Explain why it follows that F=mg.

d Thebody was raised through a height h. Calculate the work done by the force .
e Determine the increase in the body’s GPE.
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3 Theequation for KE is:
Ek:% mv?

a State the quantities represented by the symbols m and v.

You can derive the KE equation starting from one of the equations of motion:
v2=u%+2as.
Imagine a body that is initially at rest. A force F acts on it to accelerate it to speed v.

b Write down the body’s initial velocity u.

¢ Write down a modified equation of motion that takes your answer to part a into account.
d Multiply both sides of the equation by% m.
e

On the right-hand side you now have the quantity mas. What is the quantity ma equal to?
What is the quantity mas equal to?

4 This question involves calculating a change in KE. Take care when calculating a change in KE.
You need to calculate the KE before and the KE after the change; do not be tempted to calculate
using the change in speed.

a Aboyof mass 54 kgisrunning at a speed of 5.0 m s™. Calculate his KE.
b Theboy accelerates to a speed of 6.3 m s7. Calculate the change in his KE.

5 Thisdiagram shows a simple pendulum:

The pendulum bob has a mass of 25 g. When pulled to the left, it is 0.24 m above the lowest
pointin its swing.

a Determine the change in the bob’s GPE when it swings from its starting point to the lowest
point.

b Determine the speed v of the bob at its lowest point.
Explain why the speed of the bob is greatest at the lowest point in its swing.

Exercise 5.3 Energy efficiency

Everything we do involves energy changes. We want to make the best use of our energy
resources; we want to waste as little energy as possible - That’s why it is important to
understand the idea of energy efficiency.
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1 Anelectriclampis supplied with 60 J of energy each second. It produces 2.4 J of light energy
per second.

a Determine the amount of energy wasted as heat each second.

b Calculate the lamp’s efficiency. Give your answer as a percentage. Remember that efficiency
is the amount of useful energy as a fraction of the total energy.

2 This Sankey diagram represents the energy changes each second in a combined heat and
power (CHP) station. CHP stations burn fuel to generate hot water and electricity:

waste heat
120 MJ useful heat
130 MJ
energy input
340 MJ >electrical energy
90 MJ

a How much energy is supplied to the power station, by its fuel, each second?
How much useful energy does the power station supply each second?

To calculate efficiency you need to identify all useful energy transfers. Wasted energy is
usually heat, but not all heat is wasted energy.

¢ How much energy is wasted by the power station each second?
Calculate the efficiency of the power station.

3 Imagine that you are lifting some heavy boxes on to a conveyor belt. Each box weighs 175 N and
you have to lift it to a height of 1.2 m.

Calculate the work done in lifting each box.

After ten minutes, you have lifted 40 boxes. Calculate the work you have done.

In this time, your body has used 95 kJ of energy. How much of this energy is wasted?
Suggest the form taken by most of this wasted energy.

® O 06 T o

Calculate the efficiency of your body in this task. State whether you think the human body is
efficient as a lifting machine.

4 Acarof mass 650 kg accelerates from rest to a speed of 22 m s™.
a Calculate the car’s kinetic energy.

To achieve this acceleration, the car’s engine burns 0.023 litre of petrol. Each litre of fuel
stores 40 MJ of chemical energy.

b Calculate the energy in the burned fuel.
¢ Calculate the efficiency of the engine in accelerating the car.
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Exercise 5.4 Power

Power is the rate at which work is done, or the rate at which energy is transferred. Its
unitis the watt, W (1W=1Js7?).

1 Youcan apply the idea of power to any situation where energy is transferred. In these examples,
divide energy by time to find power, or multiply power by time to find energy.

a Calculate the power of an electric motor which transfers 180 000 J of energy in one minute.
Give your answer in kW.

b Acarhasanengine rated at 45 kW. Calculate the energy transferred by the engine in one
minute.

¢ Ahealthy, adult human requires about 10 MJ of energy from their food each day. Estimate
their average power.

2 Aliftin ashopping centre can transport 20 people to a height of 54 min a time of 14 s. The lift
compartment has a mass of 1420 kg and the average person has a mass of 60 kg.

a Calculate the combined mass of the compartment and the 20 peoplein it.
b Calculate the energy gained as the lift travels upwards.
Think about the lift as it rises. Which form of energy is increasing?

¢ Calculate the rate at which energy is transferred by the lift motor to the compartment.

3 The power rating of an electric lamp tells you the rate at which it uses electrical energy.
Lamp A has a power rating of 24 W, and a light output of 2.3 W
Lamp B has a power rating of 100 W, and a light output of 3.2 W

Which lamp is the more efficient? Show your calculation for each lamp. Note that efficiency can
be calculated using values of power instead of energy.

Exam-style questions

1 a Asteelball of mass 20.0 gis placed on a smooth, curved track as shown:

When released, the ball rolls back and forth along the track. At its lowest point, its speed is
0.47 m s Calculate its KE at this point. [3]

b Deduce the height h above the bottom of the track from which it was released. 2]
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2 This diagram shows a wooden block on a rough, 1.7 m long slope. It shows the four forces
acting on the block as it is pulled, by a length of string, directly up the slope at a constant
speed of 0.60 m s

a Explain what is meant by work done. [1]

With reference to Newton’s first law of motion, discuss whether the box
is in equilibrium.

NN

¢ Explain why the contact force C does no work as the block moves.

Write down a word equation that relates the work done by the force T that pulls
the block up the slope, the gravitational potential energy of the box and the work

done by force F. [1]
e Useyour equation in d to calculate a value for the force T. [3]
Calculate the power needed to pull the box up the slope at the constant speed. [2]
3 a Define power. [1]
Use your definition of power to show that the SI base units of power are kg m?s=. 2]
A car of mass 1000 kg travels at a constant speed of 7.4 m s? up a road that is inclined
at 6.0° to the horizontal. The effect of air resistance on the car is negligible.
7.4ms?! road
/
i Calculate the useful power needed to move the car up the road at a
constant speed. 3]

ii  Explain why the value you have calculated in i is equal to the increase
in gravitational energy of the car per second. 1]



Momentum

define linear momentum

state and apply the principle of conservation of momentum
relate force to the rate of change of momentum

discuss energy changes in collisions

state and apply Newton’s three laws of motion

_

linear momentum: the product of mass and velocity

principle of conservation of momentum: within a closed system the total momentum in any
direction is constant

Newton’s first law of motion: an object will remain at rest or keep travelling at constant velocity
unlessitis acted on by a resultant external force

Newton’s second law of motion: the net force acting on an object is equal to the rate of change of its
momentum. The net force and the change in momentum are in the same direction

Newton’s third law of motion: when two bodies interact, the forces they exert on each other are

n equal and opposite
Equations: momentum = mass X velocity; p = mv A
P

force = rate of change of momentum; F:E

The following exercise provides practice in rearranging and using the equation for
momentum. Calculating the momentum of an object is not difficult, but remember
that momentum is a vector quantity.

Always remember to check units and convert to scientific notation as needed.
1 Calculate the momentum of:
a alabtrolley of mass 1.0 kg moving at 20 cm s~
b acarof mass650 kg moving at 24 ms=
¢ theEarth, mass 6.0 x 10* kg, moving at 29.8 km s in its orbit around the Sun.
2 Arunnerof mass 74 kg is moving at 7.5 m s, She accelerates to a speed of 8.8 m s
a By how much has her momentum increased?
You can use the change in velocity to calculate change in momentum.
b By how much has her kinetic energy increased?

Take care! You cannot use the change in velocity to calculate change in kinetic energy.
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A spacecraft of mass 40 kg is in a circular orbit around the Earth. It moves at a constant speed of
8.1 km s, It completes exactly half an orbit in a time of 46 minutes.

a By how much does its momentum change in this time? Remember that momentum is a
vector quantity.

b By how much does its kinetic energy change in this time? Explain your answer.

The force of gravity holds the spacecraft in its orbit. Calculate the work done by this force
during one half-orbit.

Exercise 6.2 Getting a feel for momentum changes

You can use the idea of conservation of momentum to picture what happens when two
objects collide head-on, or when two objects explode apart.

1

Picture a collision in which a moving object collides with a stationary object; they stick together.
They must move after the collision if momentum is to be conserved, and their velocity must be
less than that of the original moving object.

a Alkgmassmovingat6 m s collides with a stationary 2 kg mass. They stick together.
Determine their speed after the collision.

b A4 kgmassmoving at5m s collides with a stationary 1 kg mass. They stick together.
Determine their speed after the collision.

Now picture a collision in which the two objects do not stick together.

a Alkgmassmoving at 6 m s collides with a stationary 1 kg mass. They do not stick
together. After the collision, the first mass is stationary. What is the speed of the second
mass?

b State whether kinetic energy is conserved in this collision.

Now picture an explosion in which a stationary object splits into two parts that move away from
each other in opposite directions.

a Anobjectexplodes into two parts of equal mass. What can you say about their velocities?

b Anobject explodes into two parts, of masses 2 kg and 5 kg. The 2 kg mass moves at
30 cm s Calculate the speed of the 5 kg mass.

Trolley A has a mass of 5 kg and is moving at 2.0 m s Trolley B has a mass of 2.5 kg and is
moving at 4.0 m s in the opposite direction. They collide and they stick together.

a Calculate the momentum of each trolley.
b What will be their velocity after the collision? Explain your answer.
¢ Explain why thisis like an explosion in reverse.

Exercise 6.3 Momentum conservation calculations

Because momentum is always conserved when two or more objects interact, we
can calculate unknown values of velocity. For two objects, we can represent the
conservation of momentum as an equation:

mu, + myu,=m,v, + m,v,

This exercise provides practice in using this equation.
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1 Astationary mass explodes into two parts with masses 3.0 kg and 4.5 kg. The smaller mass flies
off with a speed of 12 m s,

a Determine the values of mu; and myu,.
b Calculate the speed of the larger mass after the explosion.
¢ What can you say about the directions in which the two masses move?

2 Aball of mass 0.35 kg rolls along the ground at 0.60 m s7. It collides with a second, stationary
ball of mass 0.70 kg and bounces back with a speed of 0.40 m s=. The second ball moves off with
speed 0.10 m s™.

Calculate the momentum of the moving ball before the collision.
Calculate the momentum of each ball after the collision.
Show that momentum is conserved in this collision.

o N T o

In a perfectly elastic collision, kinetic energy is conserved. Calculate the kinetic energy of
each mass before and after the collision. Is this a perfectly elastic collision?

3 Achild throws a ball of mass 0.30 kg at a wall. It strikes the wall with a speed of 5.0 m s™ and
bounces off with the same speed in the opposite direction.

a Calculate the change in the ball's momentum.

The ball collides with the wall, but the wall is attached to the Earth. This means that the
momentum of the Earth has been changed by the collision. The mass of the Earth is 6.0 x
10* kg. Estimate the change in the Earth’s velocity caused by the collision with the ball.

Exercise 6.4 Force and momentum

When a force acts on a body and there is a displacement, work is done by the force on
the body. The body accelerates, so its momentum changes. The force and the rate of
change of momentum it produces are related by force =rate of change of momentum.
For a constant force, we can write this as:

change of momentum
force= -
time taken

1 Acarofmass 750 kg accelerates from 10 ms™to 25 m s7in a time of 22.5s.

a Calculate the change in momentum of the car.
b Useyouranswer to part ato calculate the force causing the car to accelerate.

You can calculate the force in another way:

¢ Calculate the car’s acceleration.
d Calculate the force using F=ma. Do you get the same answer as in part b?

2 Aspacecraftis orbiting the Earth, as shown. Its velocity is shown at opposite points in its circular orbit:

O\ Jv=7850ms

‘ |||u\§4m|

IIIII'iI'IIIII ﬁ

v=7850m sll\
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a Thespacecraft has a mass of 420 kg. Calculate the change in its momentum as it travels half-
way around its orbit.

b Theforce on the spacecraft keeping it in orbit is its weight. Calculate its weight, if the
gravitational field strength is 8.9 N kg=.

¢ Useyouranswers to parts a and b to calculate the time taken for the spacecraft to complete
half an orbit, and hence find its orbital period.

3 Your friend is running down the street and bumps into someone, who falls to the ground. The
person complains, “You really hurt me!” Your friend replies, “But you hit me with exactly the
same force as I hit you!”

Is your friend correct? Explain your answer.

Exercise 6.5 Newton’s laws of motion

Newton’s laws summarise much of the material covered in the first six chapters of this
book. This exercise is designed to check your understanding of these important laws.

1 This question is about Newton’s first law of motion.
a Anobjectisstationary. No force acts on it. What does Newton’s first law say about its
motion?

b An objectis moving. No force acts on it. What does Newton’s first law say about its motion?

An object is moving. It is acted on by four forces whose resultant force is zero. What does
Newton’s first law say about its motion?

d Anobjectis moving with constant velocity. What does Newton’s first law say about the forces
actingon it?

e Anobjectis moving at a steady speed along a curved path. What does Newton'’s first law say
about the forces acting on it?

2 This question is about Newton’s second law of motion.

a Anobjectis moving in a straight line with constant acceleration.
i What can you say about the rate of change of the object’s momentum?
ii  What does Newton’s second law say about the forces acting on the object?

b Askydiveris falling towards the Earth. Her velocity is increasing but her acceleration is
decreasing.

i Whatdoes Newton’s second law say about the forces acting on the skydiver? Think about
the skydiver’s momentum and the rate at which it is changing.

ii  Two forces act on the skydiver as she falls. Referring to these forces, explain how her
velocity can be increasing while her acceleration is decreasing.

3 We can write Newton’s second law using Sl units:

resultant force = rate of change of momentum

a Explain why we have to say ‘in Sl units’.
b Use the equation to express the newton (N) in terms of Sl base units.
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4 This question is about Newton’s third law of motion.

a Two bar magnets are placed close to one another with their north poles facing each other.
i State whether the magnets attract or repel each other.
ii  What does Newton’s third law tell you about the force each magnet exerts on the other?

b Ifyou stand on the floor, two forces act on you: your weight and the upward contact force of
the floor.

i Explain why these two forces are not an ‘equal and opposite pair’ in the sense of
Newton’s third law.

ii Foreach of the two forces, state the force that is equal and opposite to it, as described by
Newton’s third law. Remember that ‘weight’ is the Earth’s gravitational pull on an object.

Exam-style questions

1 Abullet of mass 25 gis travelling at 450 m s when it strikes the armour plating of a tank. It
bounces back along the same path with a speed of 390 m s.

a Calculate the change in momentum of the bullet. [3]
The time of impact of the bullet on the tank is 0.040 s. Calculate the average force that
acts on the bullet in this time. (2]
¢ State whetherthe impact is elastic or inelastic. Explain your answer. 2]

Discuss how the principles of conservation of energy and momentum apply to this

d
- collision. 3]
38

2 In anexperiment to measure the speed of a bee as it flies, a small ball is hung by a thread. When
the bee lands on the ball, the ball swings upwards. Scientists record a video of the bee as it
lands and analyse the video to determine the height to which the ball swings.

v
.
\

mass of bee=0.25 g; mass of ball=0.45 g

a The ball with the bee attached to it is found to rise to a vertical height h of 6.0 cm.

Calculate its increase in gravitational potential energy. 2]
b Determine the speed of the ball+bee when it starts to swing upwards. 2]
¢ Determine the momentum of the ball+bee. [1]
d Determine the speed with which the bee lands on the ball. [2]
e Suggestthe optimum horizontal point of the swing for the bee to take off from the ball.

State your criteria for choosing this point and explain your answer. 2]



Matter and materials

define density and pressure

derive and use the equation Ap = pgAh

understand how upthrust arises on a body in a fluid

understand the effects of tensile and compressive forces, including Hooke’s law
define and use stress, strain and the Young modulus

describe an experiment to determine the Young modulus

distinguish between elastic and plastic deformation of a material

understand and use force-extension graphs, including calculating work done and strain energy from the area
under the graph

_

density: the mass per unit volume of a material

pressure: the force acting normally in a fluid per unit area of a surface

strain: the extension per unit length produced by tensile or compressive forces
stress: the force per unit cross-sectional area

Young modulus: the ratio of stress to strain for a given material, provided Hooke’s law is obeyed

q : mass
Equations: density= ; p=M
volume 4
force F
pressure = , P=—
area A

pressure in a fluid = density x acceleration due to gravity x depth; p = pgh

force F
stress = : ;0 =—
cross - sectional area A
. extension . X
strain=—————, €=~

original length” = L

stress o
° Fo

strain” £

Young modulus =

elastic potential energy, £ = FX:% kx?

1
2

A fluid exerts pressure on any surface with which it comes into contact. Pressure is the
cause of the upthrust on any object immersed in a fluid. This exercise provides practice
in calculations involving density and pressure.

Density calculations are not complicated but, in these examples, you will have to calculate
the volume of a sphere and work with numbers in standard form (scientific notation).
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TIP

You can simply add
the pressures.

Saturn is a gas giant planet — it consists mostly of a sphere of solidified hydrogen and helium.

Saturn: mass =5.7 x 10%° kg; mean radius =58 200 km

a Calculate the mean density of Saturn. Note: volume of a sphere = %ﬂ'ﬁ

b The mean density of the Earth is 5510 kg m=; its mean radius is 6371 km. Calculate the
Earth’s mass.

¢ What does this suggest about the composition of the Earth, compared with Saturn?

The pressure at a pointin a fluid is caused by the weight of fluid above, pressing downwards.
The pressure is given by p = pgh.

a State the quantity represented by each symbol in this equation and give its unit (name and
symbol).
b Use the equation to find an expression for the pascal in terms of Sl base units.

This diagram shows a tank containing a liquid of density 850 kg m=:

50m

40m

3.5m

You can calculate the pressure on the base of the tank in steps which follow the derivation of the
equation for pressure p = pgh.

Calculate the volume, mass and weight of the liquid in the tank.
Calculate the area of the base of the tank.
Calculate the pressure on the base of the tank using pressure = force / area.

-~ o o 0

Check your answer, using p = pgh.

In fact, the pressure at the surface of the liquid is atmospheric pressure, due to the
atmosphere above.

g Atmospheric pressure is approximately 101 kPa. Calculate the total pressure on the base of
the tank.

The change in pressure Ap if you move up or down in a fluid is given by:
Ap=pgAh
where Ah is the change in depth.

h If you move upwards through the atmosphere, does atmospheric pressure increase or
decrease?

i Calculate the change in pressure when a diver descends through a 5.0 m depth of water.
(Assume the density of water=1000 kg m~= is constant over this depth.)
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3 Thisdiagram shows two identical wooden blocks A and Bimmersed in a tank of water:
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30cm
50 cm

Each block is held in position by a length of string attached to the bottom of the tank. Each
block measures 20 cm x 20 cm x 50 cm. The density of the wood is 950 kg m=. The density of
water is 1000 kg m=.

a Usetheidea of density to explain why the blocks tend to float upwards in the water.
b Calculate the weight of a block.
¢ Draw a free body diagram to show the forces acting on block A.

The upthrust of the water on the block arises because the pressure of the water produces a
greater force on the lower surface of the block than on the upper surface.

Calculate the pressure of the water on the upper surface of block A.

Calculate the force exerted by the water on the upper surface of block A. State its direction.
Calculate the force exerted by the water on the lower surface of block A. State its direction.
Deduce the upthrust of the water on block A.

> 0@ - 0o Qo

Calculate the tension in the string which holds block Ain place.

Show that the upthrust of the water on block B is the same as on block A.

With more advanced maths, it can be shown that the upthrust on an objectimmersed in water
is the same no matter how it is orientated.

Exercise 7.2 Stretching things

When considering the effect of tensile forces on a spring, we need only consider
the load and extension. For a metal wire, we must take into account its physical
dimensions by considering stress and strain.

1 Theextensionxof aspringis related to the load F by F=kx, where kis the force constant
(provided Hooke’s law is obeyed).

a Sketch aload-extension graph for a spring, indicating the region in which it obeys
Hooke’s law.

b Aspring has aforce constant k=150 N m. Its un-stretched length is 30.0 cm.
i  Estimatethe load required to increase its length to 35.0 cm.
i Explain why your answer to partican only be an estimate.
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Aspring is stretched so that its length increases from 24.5 cm to 30.2 cm. The load producing
this extension is 20.0 N.

a Estimate the work done in stretching the spring. Remember that the load increases from 0 to
20N as it stretches the spring.

b Explain why this can only be an estimate.

A block of plastic foam is placed on firm ground. It is in the shape of a cube with sides of length
20.0 cm. A heavy weight is placed on top of the block, compressing it to a thickness of 17.4 cm.

a Calculate the strain produced by the load.

b The heavy weight consists of six masses, each of 5 kg. Determine the stress in the block. Give
your answer in kPa.

You can think of the Young modulus of a material as a measure of its stiffness. This table shows
the values of Young modulus for several metals:

Metal copper steel aluminium tin
Young modulus / GPa 130 210 70 50

a Which of the metals shown in the table is the stiffest?

Wires of copper, steel and aluminium are compared in a test. Each wire is 1.0 min length and
has a cross-sectional area of 1.0 mm?,

b Atensile load of 100 N is applied to each wire. Which wire will extend the most? Explain your
answer. There is no need for calculations here.

¢ TheYoung modulus of steel is three times that of aluminium. If a particular load produces
an extension of 0.20 mm in the steel wire, what extension will be produced in the aluminium
wire? You can answer this by thinking in proportions.

d Calculate the extension in the tin wire when a load of 200 N is applied. You may need to
calculate this in steps, starting by calculating the stress in the wire.

This diagram shows a method for determining the Young modulus of a metal:

clamp metrerule sticky tape
\ pointer pulley
wire
load

The length of the wire can be measured to the nearest 0.5 mm. To obtain satisfactory
measurements of the extension of the wire, it should be several metres in length.

a Athinsteel wireis stretched so that its length increases from 4.539 m to 4.543 m. Calculate
the strain in the wire.

b Thediameter of the wire is 1.20 mm. What instrument could be used to determine this?
¢ Calculate the cross-sectional area of the wire.
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d Theload onthe wireis 200 N. Calculate the stress in the wire. Give your answer in MPa.
e Deduce avalue for the Young modulus of steel. Give your answer in GPa. Make sure you are
familiar with the SI prefixes M and G.

f Inpractice, several measurements of load and extension would be made and a graph drawn
of stress against strain. Sketch the graph you would expect to obtain and indicate how you
would deduce the Young modulus from the graph.

Exam-style questions
1 a Define pressure. [1]
b Use your definition of pressure to show that the pressure p at depth h in a liquid
of density p is given by the expression p = pgh, where g is the acceleration of free fall. (3]
¢ Show that the SI'base units of pressure are kg m= s [3]

A stone slab has a mass of 50 kg and dimensions 40 mm x 600 mm x 800 mm.
Calculate the maximum pressure the slab exerts when resting on the ground on one
of its surfaces. [3]

2 Thediagram shows the load-extension graph for wire that extends elastically until it breaks.

100

80

Load /N

0 2 4 6 8 10
Extension / mm

a Explain what is meant by an elastic extension. 2]

b The wireis of length 2.00 m and cross-sectional area 2.5 x 10~ m?. Use the diagram
to determine, for this wire,

i the maximum stress in the wire,

N

ii the Young modulus, [

“

iii  the maximum strain energy stored in the wire before it breaks.

N

¢ Aloadof 90 N is hung from a second wire made of the same material. The second
wire has the same volume as the original wire but has twice the length. Compare the
extensions of the two wires, explaining your reasoning. [3]



Electric fields

m represent an electric field using field lines
m define and calculate field strength and force
m describe the motion of charged particles in an electric field

_

electric field: a region in which a charged body experiences a force
electric field strength: the force per unit positive charge
force | ef

jons: electric field strength= ;
Equations g E— 0

E
acceleration of a charged particle, G=%

electric field strength in a uniform field, Ezg

Electric charges are surrounded by electric fields. We draw field lines to represent an
electric field. This exercise provides practice drawing electric fields and understanding
the rules that should be followed.

1 FEachofthese statements s incorrect. Rewrite them so that they are correct:

Two positive electric charges will attract each other.
Thereis a repulsive force between two opposite electric charges.
Electric field lines are directed from negative to positive.
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An electric field line shows the direction of the force on a negative charge placed at a point in a field.

2 Draw diagrams to represent these electric fields:

a theuniform field between two parallel plates with opposite charges
b thefield around a positively charged sphere
¢ thefield around a pair of charges, one positive and one negative.

Remember that field lines always enter a charged surface at right angles; also, remember the
direction of the arrows on field lines.

3 Eachofthesediagrams, a, b and ¢, shows a positive charge Q placed in an electric field
produced by other charges:

® © OXORO) ©

a b [

Copy each diagram and add an arrow to show the direction of the force on Q.
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Exercise 8.2 Calculating force and field strength

We define electric field strength at a point in a field in terms of the force on a positive
charge placed at that point. This exercise tests your understanding of the equations
that define electric field strength and how to apply them.

Note: elementary charge,e=1.6 x 109 C.

1 Electric field strength is defined by the equation:

F

F==

Q

State the quantities represented by £, F and Q, and give the units of each.
Rearrange the equation to make F its subject.

Deduce an equation for the acceleration g of a charged particle of mass min an electric field.
Note: use the equation that relates £, m and a.

Calculate the electric field strength when a force of 2.0 x 10N acts on a charge of
45x10°C.

Calculate the force on an electron placed in a field of strength 2.0 x 10* N C=.

3 Thefield strength is the same at all points in a uniform electric field.

A uniform electric field can be produced by applying a potential difference between two parallel
plates. The field strength is given by £=V/d.

a

State the quantity represented by each of the symbols £, Vand d, and give the units of each.

Calculate the field strength between two parallel metal plates separated by a distance of
20.0 cm when there is a p.d. of 5.0 kV between them. Your answer can bein Vm=or N C* as
they are the same.

What p.d. is needed to produce a field strength of 500 V m= between two parallel metal
plates separated by 1.0 cm?

What force will be exerted on a particle of charge +2e placed between two parallel plates
separated by a distance of 140 mm when there is a p.d. of 400 V between them? You can do
this in two steps: first calculate the field strength.

Calculate the force on the charge shown in this diagram:

+10 kVE
5.0 mm' @+2.0><103C

e

State the direction of the force.

Exercise 8.3 Moving in an electric field

This exercise considers charges moving in an electric field. A charged particle moving
in a uniform electric field is like a mass moving in a uniform gravitational field (in other
words, like a projectile). Remember that the usual laws of motion apply to a charged
particle moving in an electric field.
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1 Thisdiagram shows a proton placed in a uniform electric field between two metal plates. The
reading on the voltmeteris 240 V.

2.0cm
1 1

Proton mass=1.67 x 107" kg; proton charge =+1.60x 107 C.

Calculate the electric field strength.
Calculate the force on the proton.
Calculate the acceleration of the proton.

o 0 T o

The proton is initially stationary. Describe how it will move in the electric field.

2 Thisdiagram shows the path of a beam of electrons which is moving horizontally as it enters a
uniform electric field:

electricfield lines

[+ + + + + + + + +

a Explain how you can tell from the pattern of the field lines that this is a uniform electric field.
b Explain why the arrows on the field lines are directed upwards.

Explain why the force arrows on the electrons are directed downwards. Think about the
electron charge.

d Thehorizontal component of the electrons’ velocity is constant. Explain why this is so.

As the electrons enter the electric field, the vertical component of their velocity is zero.
Describe how this vertical component of velocity changes in the field.

f Theelectrons follow a curved path. Describe the shape of this path.

In parts d-f, you should recall the equivalent ideas for a projectile moving in a uniform
gravitational field (Chapter 2).
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Exam-style questions
Gravitational field strength g =9.81 N kg=; elementary charge e=1.60x 107°C

N

1 a Explain whatis meant by an electric field.
b Define electric field strength.

N

This diagram shows a charged particle of mass 1.0 x 10~° kg placed in an electric field directed
from left to right:

direction of
electric field

@

The field has a strength of 2500 N C* and the particle has a charge of —4.5 x 10 C.

-

N

¢ Calculate the electrical force on the particle.
Calculate the gravitational force on the particle.

N

Draw a diagram to represent the forces on the particle. Add an arrow to your diagram to
show the approximate direction of the resultant force on the particle. [3]

2 Thediagram shows two vertical metal plates AB and CD in a vacuum. There is a potential
difference between them, as shown:

A C [+6.0kV

+ + + + #

20cm

The potential difference between the two plates is 6.0 kV and they are separated by 20 cm.
There is a uniform electric field between the plates.

An electron is released from rest at the surface of plate AB and moves to plate CD.

a Calculate the electric field strength between the plates. 2]
b i Statethedirection of the force on the electron and the direction of the electric field. [2]
ii  Explain why the force on the electron is constant as it moves from AB to CD. [1]
¢ Calculate
i theworkdone by the electric field on the electron as the electron moves from
AB to CD. 2]

o)

ii the speed of the electron just before it reaches plate CD.
d Inaseparate experiment, an a-particle moves between the plates.

force on the a-particle as it moves between the plates

Calculate the ratio .
force on the electron as it moves between the plates

Explain your reasoning. 2]



Current, p.d. and resistance

understand that electric current is a flow of charge carriers, with quantised charge

define the coulomb and use the equation Q=1t

derive and use, for a current-carrying conductor, the expression I=Anvg

define potential difference, resistance, the volt, and the ohm

recalland use W=QV, V=IR P=VIand P=1°R

draw and interpret circuit diagrams

define electromotive force (e.m.f.) in terms of the energy transferred by a source in driving unit charge around a
complete circuit

m distinguish between e.m.f. and potential difference (p.d.)

_

electromotive force (e.m.f.): the amount of energy changed from other forms into electrical energy
per unit charge produced by an electrical supply

potential difference (p.d.): the energy lost per unit charge as charge passes between two points

the volt: the p.d. across a component when 1 J of electrical energy is changed into other forms when
n 1 C passes through the component
the coulomb: the charge that passes a point in a circuit when a current of 1 A flows for 1 s

resistance: ratio of the potential difference across component to the current in the component
the ohm: the resistance of a resistor when a p.d. of 1V produces a current of 1 Ain the resistor
mean drift velocity: the average speed of charge carriers when a current flows
Equations: Q=1It

V=IR

P=VI  P=IR

E (or W)=QV=VIt

I=Anvg

This exercise will help you understand and use basic definitions and their units.
Rearranging units can be a challenge. If you are unsure, look up the definitions of the
quantities first.

1 a Stateonesimilarity between potential difference and electromotive force.
b State one difference between potential difference and electromotive force.

2 Match each quantity in the left column with a suitable unit from the right column:

electromotive force As

charge VAT
resistance Jct
power Js?




Chapter 9: Current, p.d. and resistance

3 State the quantity that can be described as:

‘the amount of energy transferred from a source to electrical energy per unit charge’

‘the amount of energy transferred from electrical energy to thermal energy per unit charge’
‘the rate of flow of electric charge’

‘one joule of energy per coulomb of charge’

™ o 0 T o

‘one volt peramp’.

4 Four electrical quantities are:
charge, current, potential difference, resistance
State which quantity in the list:

can be measured in joules per coulomb

equals the product of two other quantities in the list

equals the rate of change of another quantity in the list
is a base quantity in the S.I. system

o o 0N T o

is quantised (in other words, only occurs in multiples of a certain value).

5 Showthatitis possible to expressthe Q as JsC=

6 Fourcellseachof em.f. 1.5V are connected together to make a 3.0 V battery connected to a
filament lamp and a switch. Draw the circuit diagram. Make sure you use all four cells but that

thereis only a total e.m.f. of 3 V.

7 You are provided with a resistor, a power supply, an ammeter and a voltmeter.

a State what measurements must be made to find the resistance of the resistor.
Draw a circuit diagram of the apparatus.

State whether the voltmeter and the ammeter used in your circuit should have a low or
a high resistance. The resistance of the resistor is a few ohms.

d Explain why the voltmeter and ammeter should have the values of resistance you have chosen.

8 Thecurrentin aresistoris 0.80 Awhen the p.d. acrossitis 12 V.

a Calculate the resistance of the resistor.
b Calculate the p.d. which would be needed to produce a current of 1.2 A.

Exercise 9.2 Current and charge

This exercise offers practice in calculating current and the amount of charge.

Electrical current is often measured in mA (103A) and LA (10~°A). You need to use the
correct power of ten with the prefix given in the question. Some equations may include
time, which should be measured in seconds. You will need to use the elementary
charge e=1.6 x10*° C. The charge on an electron is —e.

1 Statethe difference between the direction of electron flow in a circuit and the direction of the
conventional current.

2 a Explainwhatis meant by the electric currentin a conductor.
b The charge passing through an electric drill in each minute is 360 C. Calculate the current.
c

A current of 250 HA passes through a lamp for three minutes. Calculate the charge that flows
though the lamp in this time.
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3

A current of 5.0 mA flows through a resistor for 12 minutes.

a Calculate the amount of charge which passes through the resistor in this time.
b Calculate the number of electrons which pass through the resistor in this time.
¢ Calculate the time needed for a charge of 2.0 C to pass through the resistor.

In atime of 5.0 x 107 s, one hundred electrons pass a point in a wire.

a Calculate the charge that passes the point in this time.
b Calculate the currentin the wire.
¢ Explain why the charge that passes the point is a multiple of 1.6 x 107°C.

Calculate the number of electrons in a beam hitting the screen of a TV tube each second when
the beam currentis 1.0 mA.

Exercise 9.3 Electrical power and energy

This exercise provides practice in using several electrical formulae for power.

Remember also that power is

work o energy power is sometimes measured in
time time

KW (10° W) or MW (106 W).

1

Alamp operates at a voltage of 8.0 V and has a power rating of 2.0 W.

a Calculate the current.
b Calculate the resistance of the lamp.

A 20 Q resistor has a maximum power rating of 1.0 W. Calculate the maximum current in the
resistor.

The battery in an electric car provides a steady power of 3.6 kW to the motor for a time of
2.0 hours. The e.m.f. of the battery is 180 V.

a Calculate the currentin the motor.
b Calculate the charge the battery delivers.
¢ Calculate the energy delivered to the motor. Give your answer in MJ.

A battery provides a steady current of 0.25 A for 20 hours. In this time, the electrical energy
produced by the battery is 9.6 x 10* J.

a Calculate the e.m.f. of the battery.
b Calculate the electrical power produced by the battery.

The generator in a power station has a power of 2.4 MW. The cable from the power station has
aresistance of 4.0 Q and carries a current of 20 A.

a Calculate the em.f. of the generator.
b Calculate the power wasted in the cable.

Astudent wants to obtain a large heating effect in a resistor connected to a laboratory power
supply. He uses the formula P=1I?R, and decides to use a high resistance. Another student uses

the formula P:%z and decides to use a low resistance. Explain which student is correct and why
the other student is incorrect.
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7 Discuss the energy transfer taking place within the battery of a mobile phone:

a whenitis being used to make a call
b whenitis being charged.

Exercise 9.4 Charge carriers

In this exercise, you will have to think about and use the equation I=nAvg. The
elementary charge e=1.6 x 107*° C is usually the value for q.

1 ThecurrentIin a metal conductor of cross-sectional area Ais given by the formula I'=nAvg.

a Definethetermsn,gandv.
Show how the equation is derived.

A piece of metal and a piece of plastic insulator each have the same dimensions and the
same potential difference across them. Explain how the relative values of n for the metal and
the plastic affect the current in each.

2 Name the charge carriers responsible for the current in a:
a metal

b salt solution that conducts electricity.

3  When acurrent of 2.0 A flows through a piece of wire that has a cross-sectional area of 1.0 X 10° m?,
the average drift velocity of the electrons is 2.5 x 10™* m s,

a Calculate the number of free electrons per unit volume of the material. Be careful to give the
unit of n correctly.

b State what happens to the drift velocity if the current is halved.

State what happens to the drift velocity if the diameter of the wire is doubled and the current
is unchanged. Think about what happens to the area if diameter is doubled. Then look at the
equation.

4 Analuminium wire, with cross-sectional area 1.2 x 10 m? and length 5.0 m, contains 3.6 x 10%
atoms. Each atom contributes 3 free electrons to the wire.

a Calculate the number of free electrons per unit volume in aluminium.
b The wire carries a current of 5.0 A. Calculate the mean drift velocity of the electrons.

5 Awire has a cross-sectional area of 1.8 x 107" m? and contains 8.0 x 10 free electrons per m?.
The mean drift velocity of electrons in the wire is 8.7x 10 m s™.

a Calculate the currentin the wire.

The wire is 5.0 m long. Calculate the time it takes a free electron in the wire to travel from
one end to the other.

¢ Calculate the number of free electrons in the wire.

d Thewire carries current to a motor. Explain why there is no time delay in the motor starting
when the current is switched on.

6 Two pieces of wire P and Q are made of the same material but have different diameters. They are
connected in series with each other and a power supply.

a State which terms in the equation I=Anvq are the same for both wires.
b The cross-sectional area of P is twice that of Q. Calculate the ratio vp:v,.
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1 a Definetheem.f of acell. [2]

b Thecurrentin a power cable from a power station is 300 A. Calculate the number of
electrons passing through the cross-section of the wire in one second. e=1.6x107°C.  [1]

¢ The cross-sectional area of the wire is 9.0 x 10~ m? and the density of the free electrons
is 1.6 X 10 m=.

i Calculate the mean drift velocity of the free electrons in the wire. [1]
ii Explain the difference between the mean drift velocity and the mean speed. [1]
iii One part of the wire has a smaller diameter than the rest. Explain why the mean drift
velocity is different in this part of the wire. [2]
2 a Definethe resistance of a resistor. [2]

An electric heater contains three identical heating elements, shown as resistors P, Q and R,
in this diagram:

240V
1] oO————

P Q
—{ "1

>2 i’—

52
- Each heating element has a constant resistance and is designed to operate at a voltage
of 240V and a power of 1.2 kW.

i Calculate the resistance of one of the elements. [3]

ii Calculate the power developed in an element that operates on a voltage of 120 V. 2]

iii The switches shown in the diagram are open. Complete the table to show the total
power output of the heater when the switches are closed as shown. (4]

S, | S, | Total power / kW

closed closed

closed open

open closed

open open




Kirchhoff’s laws

recall Kirchhoff’s first and second laws and their links to conservation of charge and energy
use Kirchhoff’s laws to derive and apply a formula for the combined resistance of two or more resistors in series
use Kirchhoff’s laws to derive and apply a formula for the combined resistance of two or more resistors in parallel

apply Kirchhoff’s laws to solve simple circuit problems

_

Kirchhoff’s first law: the sum of currents entering any point is equal to the sum of the currents leaving
that same point. This law represents the conservation of charge

Kirchhoff’s second law: the sum of the e.m.f.s around a closed loop is equal to the sum of the p.d.s in
that same loop. This law represents the conservation of energy
Equations: Kirchhoff’s first law, XI,, =21

Kirchhoff’s second law, XE = IR

(where £ means ‘sum of’)

series resistors, R=R,+ R, + Ry, + ...

. 1 1 1 1
parallel resistors, — = —+ —+ —+ ..

o1t R Ry Ry
V=IR
p=VI
E=0QV

This exercise tests your understanding of Kirchhoff’s laws and how they relate to
conservation of charge and energy.

1 Write, in your own words, Kirchhoff’s first and second laws. You may have to remind yourself
of the laws from a book - do not just copy them out.

2 Look at these quantities:
charge, e.m.f., energy, p.d., time
State the quantity from the list that is conserved in:

a Kirchhoff’s first law
b Kirchhoff’s second law.
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3 Look at this circuit:

A+ =

—eo— 0O

] E
R e M
ED:'

The current at Ais 6.0 A. The current at Cis 1.0 A.

D O 0 T 9

Calculate the charge that flows through Ain 10 s.

Explain why the current at B is the same as at A.

Using Kirchhoff’s first law, calculate the current at D.

Using Kirchhoff’s first law, calculate the current at E.

Explain why the current at C is different from the current at D.

4 In this circuit, the potential difference (p.d.) across the 40 Q resistoris 8.0 V:

0.20A

oV

I
40 Q R
1 1
| I | S|

The circuit operates for a time of 10 s.

o N T o

-

b

Calculate the charge that passes through the cell in this time.
Calculate the energy produced by the cell.
Calculate the thermal energy (heat) produced in the 40 Q resistor.

Using the idea of conservation of energy, calculate the thermal energy produced in the
resistorRin 10s.

Using your answers to a and d, calculate the p.d. across the resistor R.
Explain how Kirchhoff’s second law is a consequence of the conservation of energy in this

circuit. Use values for energy that you have calculated.

Look at this diagram:

4.0A

3.0A

8.0A

Find the current and the direction of the current at P.

Explain your answer to a in terms of the charges that flow in 1.0 s.
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6 Inthiscircuit, two batteries are connected as shown. They have negligible internal resistance:

6.0V 2.0V
Fe-d -

R1 R,
—

Notice that the batteries are connected the opposite way around to each other as one moves
around the circuit.

a Statethe sum of the e.m.f.s in the circuit.

b Thep.d.acrossR,is 1.0V. Calculate the p.d. across R,.

¢ Explain why the currentis in the direction shown.

d 1.0Cof charge passes around the circuit. State the energy change that occurs in:
i the6.0Vbattery
ii the2.0Vbattery
i R,

Exercise 10.2 Series and parallel circuits

In this exercise you will make calculations on circuits, where resistors are connected in
series and in parallel.

1 Fourresistors of resistance R are connected as shown. There are no other connections:

R Q

T
Calculate the total resistance, in terms of R, between:

PandQ
QandT
Pand T
PandS.

o N T o
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2 Threeresistors are connected to terminals A and B, as shown:

Ao
B
P!
Xl
4 Z3 L
| IS |

a Complete this table to find the unknown values. Note: R, is the resistance of the circuit
between terminals A and B.

X/Q | vie | z/Q | Re./Q
400 400 400
20 400 400
200 300 400
400 500 500

b When X, Y,and Z;are each 400 Q, a p.d. of 12 Vis applied between A and B:
12
400
ii Calculate the p.d. across X; (You can use V=1IR with the current from i).

i Calculatethe currentin X; (12 Vis not the voltage across X; so I #

iii Calculate the p.d. across Y, (You can use Kirchhoff’s second law).

3 Astudent has three 6.0 Q resistors. He uses two or three of the resistors in an electric circuit.
Calculate the six possible values for the total resistance of the circuit and describe each
combination of the resistors. The resistances may be connected in series, in parallel or both
H in series and in parallel. Draw a circuit with two or three of the resistors before you start each
calculation.

4 Abatteryof em.f. 6.0V and no internal resistance is connected as shown:

6.0V 160
=

| I

60 )

1
|

40Q

1
| I |

a Calculate the total resistance of the circuit.
b Calculate the currentin the 16 Q resistor.

5 Astudent writes a proof that the total resistance of two resistors in series is R, + R,.
She uses the idea of two resistors connected to ane.m.f. V.
Her proofis:
V=V, +V,
IR =IR, +IR,
So, R =R, +R,
a State where Kirchhoff’s first law is used in the proof.

State where Kirchhoff’s second law is used in the proof.

¢ Write out a proof that the total resistance of two resistors in parallel is;— = RL+L. Indicate
where Kirchhoff’s laws are used in your proof. o
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Exercise 10.3 Applying Kirchhoff’s second law to
more complex circuits
In this exercise, you will need to apply Kirchhoff’s second law to more complex circuits.

Make sure that you understand what is meant by the total e.m.f. in a closed loop.
Sometimes you have to add and sometimes subtract e.m.f.s.

1 Inthiscircuit there are three loops that can be drawn to apply Kirchhoff’'s second law. The cells
have negligible internal resistance:

B 4.0Q A
; A
2.0Q
L =20V
1.0V
h
C 1 D

a Oneofthe closed loops is ABCDA. State the other two closed loops.
State the total e.m.f. in each of the three closed loops:
Choose a direction to follow around a loop, in the direction of the current. If there are two
cellsin the loop, you either need to add or subtract their e.m.f.s. You should add the e.m.f.s
if both cells on their own produce a current in the direction of the loop. You should subtract

an e.m.f.if a cell produces a current in the opposite direction to the current you have drawn
around the loop.

Kirchhoff’s second law for loop ABCDA gives the equation 2.0 =4.0 I, where I, is the
currentinA.

¢ Write similar equations using Kirchhoff’s second law for each of the other two loops.
d Solve the equationsfor I, and L.
e Writethe formula thatrelates I,, I, and L.

2 Inthiscircuit, the cells have negligible internal resistance:

8.0V

Write the formula that relates I, I, and L.

Write an equation that uses Kirchhoff’s second law in the closed loop CBEDC.
Write an equation that uses Kirchhoff’s second law in the closed loop ABEFA.
Calculate I, I, and L,

Write an equation that uses Kirchhoff’s second law in the loop ABCDEFA.

® o 0 T v
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3 Abatteryof em.f. 8.0V and resistance 3.0 Q is connected with a battery of em.f. 4.0V and
resistance 1.0 Q. All the components are in series. One of the batteries can be reversed in direction.

a Calculate the maximum and minimum total e.m.f. in the circuit.

b Calculate the maximum and minimum current in the circuit.

4 Four resistors of resistance R are connected as shown. There are three closed loops. The top
loop includes £, and three resistors, the bottom loop contains £, and two resistors.

Write the formula that relates I}, I, and L.
Explainwhy I, =1,.
Write the formula that relates £, R, I,, I, and I, using the top loop.

a
b
c
d

Write the formula that relates £,, R, I, and I using the bottom loop. The positive direction
for the e.m.f. is anticlockwise (the ‘direction’ of £,) so, for a resistor where the current is
clockwise, the ‘IR’ term will be negative.

e Writethe formula that relates £, £,, R, I, and L using the outside loop. Take the positive
direction as anticlockwise so that both £, and £, are positive in this direction.

Exam-style questions

1 Thisdiagram shows a 12V power supply with negligible internal resistance connected to three
resistors:

L b))

I

——
12V Dzog
—1

8Q

4Q

—
—
[}

Use Kirchhoff’s first law to state the relationship between I, I, and L.

S

Use Kirchhoff’s second law to calculate L,

—
—
[

Calculate L.

o 0 T 9

Explain how Kirchhoff’s second law can be applied to the closed loop that contains just
the three resistors.

NN

Calculate the total resistance of the circuit.

(0]

power provided by battery 3]
power in 20 Q resistor

f Calculate the ratio:
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State Kirchhoff’s first law. [1]
State the quantity that is conserved in the first law. [1]

Kirchhoff’s second law shows that when a cell of e.m.f. £is connected to two resistors in
series, the e.m f. is equal to the sum of the p.d.s across the two resistors. Explain how
this is a consequence of conservation of energy. [2]

A car battery is charged using a battery charger with an e.m.f. of 16 V. The e.m.f. of the car
battery at the start of the charging process is 8.0 V. The connections of the charger to the
battery and the resistances in the circuit are shown in this diagram:

1 1
0.70 Q !
battery , |
charger, +
1 16V :
: - 1
| 1
1 1
i Calculate the total resistance of the circuit. [1]
ii Calculate the currentin the circuit. 2]

iii To reduce the current in the battery to 2.0 A, a resistor is placed in series in the circuit.
Determine the resistance of this resistor. [2]

iv State two reasons why the positive terminal of the battery charger must not be
connected to the negative terminal of the car battery. 2]

3 AcurrentIenters a network of sixteen identical resistors, as shown:

e I e I

e o B

1+

e I e I

Each resistor has a resistance of 20 Q.

o o

Calculate the total resistance of the network. 2]
Describe how all sixteen resistors can be connected together to have a total

resistance of 80 Q). [2]
Explain one advantage of using many resistors in a network, rather than using a single
resistor. (1]

4 Apd.of12Visapplied to the resistor network shown in this diagram:

12V

Q N T o

A B 8.0 Q)

o o
8.0Q

2.00Q

Calculate the resistance of the circuit when the switch is closed.

N

Calculate the current at A when the switch is closed.

N

Calculate the p.d. between A and B when the switch is closed.

N

Describe what happens to the p.d. between A and B when the switch is opened.
Explain your ideas. 2]




Resistance and resistivity

m sketch and discuss the I-V characteristics of a metallic conductor at constant temperature, a semiconductor diode and
afilament lamp

m state Ohm’s law
] recallanduseR:%’

_

Ohm’s law: the current in a metallic conductor is directly proportional to the potential difference
across its ends provided physical conditions, such as temperature, remain constant

resistivity: the resistance of a sample of a material of unit cross-sectional area and unit length

semiconductor diode: an electrical component made from a semiconductor material that only
conducts in one direction

Equations: V=1IR

Ohm’s law is both a relationship and a condition. Notice it does not mention the word
resistance at all, even though the unit of resistance is the ohm. This exercise allows you
to learn and think about the law.

1 a Explain why each of these statements is not a correct statement of Ohm’s law:
i The potential difference across a component is proportional to its resistance.
ii  The potential difference across a component is proportional to the current.
iii The potential difference across a component equals the current multiplied by the resistance.
iv The resistance of a wire is constant, provided the temperature is constant.
b Suggest which statement is the best and rewrite it correctly.

2 This graph shows the variation with current of the p.d. across three components, A, B and C:

A
5 7

4 y/ B/ C
/ /// /
NiiaEsiaa
)z
0 0.05 0.10 0.15 0.20 0.25
Current/A

P.d./V
)
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a State which component obeys Ohm’s law. Explain how you know.
b State which line shows an increasing resistance at higher currents. Explain your ideas.
¢ State, for each component, any range of voltages where the resistance is constant.

3 Thistable shows values of current and p.d. obtained for a metal wire:

Current /A 0 0.10 0.20 0.30 0.40 0.50
P.d./V 0 0.20 0.40 0.60 1.00 1.80

a Explain whether Ohm’s law applies over the whole range of currents.

b State the range of currents where the resistance is constant.

Exercise 11.2 Other components

For this exercise, you need to know the I-V characteristic graphs for a diode and for a
filament lamp, and some reasons why these graphs are not straight lines. This exercise
also contains practice in writing out an experiment and describing precautions for an
electrical experiment.

1 You planto carry out an experiment to obtain the (I-V) characteristic of a lamp.

a Draw asuitable circuit diagram for your experiment.
b Describe how to carry out the experiment.
¢ Suggest one precaution that would enable accurate results to be obtained.

Your experiment needs to vary the voltage. Check that your experiment can do this. A simple
series variable resistor may be used, but is not ideal as it cannot reduce the voltage down to 0 V.
If you know about a potential divider, draw a circuit that can reduce the voltage down to 0 V.

2 This graph shows the (I-V) characteristic of a light-emitting diode in the forward direction:

20

I
[
[
[
I
I
[
[
[
I
I
[
[
[
)
__4‘ ]
[
I

—
(S}

Current / mA
=

(6]

0

0 05 10 15 20
Voltage /V

Explain how the graph shows that the diode does not obey Ohm'’s law.

Name one other device that does not obey Ohm’s law.

Calculate the resistance of the diode when the voltage is 1.5 V.

Describe how the resistance of the diode changes as the voltage increases from 0 to 1.6 V.
The voltage applied to the diode is reversed. State the resistance of the diode.

- 0o O 0 T 9

Describe the new current-voltage graph.
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3 Thelight-emitting diode from question 2 operates with a current
of 15mAand a p.d. of 1.6 V. When a voltage larger than 1.6 Vis
applied to the diode it becomes too hot. A protective

resistance R is placed in series with the diode and a 16 V R
supply, as shown: 16V ——

diode
Determine the value of R that allows the diode to operate at 15 mA. SZ\\
(Use the p.d. across the diode to find the p.d. across

the protective resistor and then find the value of R.)

4 Alampisrated as 12V, 48W. The resistance of the lamp has a constant value of 0.50 Q when the
p.d.is betweenOand 1V.

a Calculate the currentin the lamp atits working temperature. The working temperature is
when the lamp is at the rated voltage. Use the formula for power, voltage and current.

b Sketch a graph to show the current-voltage (I-V) characteristic of the lamp. Draw an
appropriate scale for current on the y-axis and a scale for voltage on the x-axis. Mark points
on your graph where you can. You can find the current at 1V and plot points at 0, 1V and 12V
and then make the shape correct.

¢ Onyour graph from part b, draw the current-voltage (I-V) characteristic of a resistor of
constant resistance 3.0 Q.

d State why the lamp does not have a constant resistance.

11.3 Resistivity and resistance: the basics

This exercise helps you think about the relationship between resistance, length

and area, and the difference between resistance and resistivity. Some simple
calculations can be done just by recognising that resistance is proportional to length
and inversely proportional to area. To help you use the correct unit for resistivity
and other electrical units, you will gain practice in changing electrical and other
units into the base Sl units.

1 a Writedown aword equation that defines the resistivity of a material.
b Explain the difference between resistance and resistivity.
c

Explain why resistivity is a property of the material from which a wire is made but the
resistance per unit length of a wire is not.

2 Astudentincorrectly writes down the unit of resistivity as Q/m.

a Statethe correct Sl unit of resistivity.

b Express the unit of resistivity in terms of the Sl units V, Aand m. (You need to change Q into
a combination of Vand A.)

¢ Expressthe unit of resistivity in terms of the SI base units kg, m, s and A. (First change V into
JCH, thenuse C=As, and finallyuse J=Nmand N=kg m s2)

3 Describe a method to determine, accurately, the resistivity of a metal wire. The available
apparatus includes a battery, a switch, a variable resistor, an ammeter and a voltmeter.

Your method should involve readings of different lengths, plotting a graph and using its gradient.
Your description should include:
e acircuitdiagram

e astatement of the quantities to be measured and the instruments used
e thegraphtoplot
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e how the gradientis used.

e astatement of which measurementis likely to have the largest percentage uncertainty if
ordinary school apparatus and a thin wire is used

e one precaution to enable the temperature of the wire to be constant for all readings and one
other precaution to increase the accuracy of the result.

4 Awireis20 mlong, has a cross-sectional area of 10® m? and a resistance of 200 Q. Several other
wires are made from the same material but with different dimensions. In each case, calculate
the resistance of the wire.

These calculations can be performed simply using the idea that resistance is proportional to
length and inversely proportional to area. You do not need to actually calculate the resistivity
but you can if you want to.

a length =40 m; cross-sectional area=10"*m?
b length=20 m; cross-sectional area=2x 10 m?
¢ length =100 m; cross-sectional area=5x 10" m?

5 Calculate the resistivity of a length of wire which has a resistance of 60 Q, cross-sectional area of
2.0x 108 m?and length of 20 m.

Rewrite the formula, making p the subject, and then insert the numbers.

6 Calculate the length of wire required to make a resistance of 1000 Q if the wire has cross-
sectional area of 1.0 x 10 m?and the material has resistivity of 1.0 x 10 Q m.

7 Awireis 2.0 m long and has a resistance of 50 Q.

a Calculate the cross-sectional area of the wire if it is made of a material of resistivity
5x107 Q0 m.

b Calculate the radius of the wire.

Exercise 11.4 Resistivity and resistance: harder
problems

This exercise gives you practice in some harder examples where you have to use R=%’-
The units are mixed - for example, resistivity in Q m and length in cm - so make sure
you convert them so they are consistent.

1 Thecylindrical core of a pencil is made of material of resistivity 5.0 x 10° QO m. The core has a
length of 15 cm and a diameter of 0.20 cm.

a Calculate the resistance of the core. (As resistivity is given in Q m, work throughout with
metres. Convert the length and diameter to metres before using the equation.)

b Outline how to use the resistivity of the core to find the thickness t of a line of width w and
length [ drawn by the pencil on a piece of paper. (Think about a thin pencil line. Write down
the formula using w and tinstead of A and rearrange the formula to find t.)

2 Asample of conducting putty is rolled into a cylinder which is 8 cm long and has a radius of
1.5 cm. The resistivity of the putty =4.0 x 102 Q m.

a Calculate the resistance between the ends of the cylinder.

b The puttyis rolled into a cylinder with half the radius and a length which is four times longer.
Determine the new resistance.
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3 Awire made fromtin has a cross-sectional area of 7.8 x 10 m?2. The resistivity of tin is 1.2 x 107 Q m.

a Calculate the minimum length of wire needed so that the current in the wire is smaller than
3.0 Awhen thereisa p.d. of 2.0V across the wire.

b Asecond wire made from tin has the same volume as the first wire but is longer. The second
wire also has a p.d. of 2.0V across it. Complete this table, stating whether the given quantity
is smaller, bigger or the same for this second wire:

Quantity For the second wire the quantity is:

cross-sectional area

resistance

resistivity

current

power produced

4 This diagram shows a thin film of carbon used as a resistor:

current
direction
current 3.0mm -
direction

| 8.0 mm

[ }0.0010mm
1
1

a Theresistivity of carbon=5.0 x 10° Q m. Calculate the resistance of the thin film.

b The current direction is changed so that current enters the top face of the film and leaves by
the lower face. Calculate the resistance of this film.

5 The fuse fitted to a three-pin plug contains a piece of fuse wire with a resistance of 0.20 Q. The
wire is 15 mm long and has a resistivity of 1.45x 10° Q m.

a Calculate the diameter of the fuse wire.

b Another fuse wire is required to produce the same power with a smaller current. Explain
how. (This is possible using a wire of the same length and of the same material.)

6 Wire A and wire B are connected in parallel. There is the same p.d. across each wire.

This table gives data about the two wires:

Wire A Wire B
resistivity of metal p 2p
length [ a1
radius r 2r

a Usingthe formula area =mr?, calculate this ratio:
cross-sectional area of wire A: cross-sectional area of wire B
. [ . .
b Usingthe formula Rz%, calculate this ratio:

resistance of wire A : resistance of wire B.

¢ Calculate this ratio:

current in wire A: current in wire B

d Calculate this ratio:

power dissipated in wire A : power dissipated in wire B
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Exam-style questions
1 This graph shows the (I-V) characteristic of a 350 mA, 6.0 V filament lamp:
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a State how the graph shows that the filament lamp does not obey Ohm’s law. [1]
b Calculate the resistance of the lamp for currents between 0 and 200 mA. [2]
¢ State and explain what happens to the resistance of the lamp as the current increases. [2]
d Draw a sketch graph to show how the resistance of the filament lamp varies with current.  [2]
e Thefilament of the lamp is a wire of constant radius 8.0 x 10° m, made from tungsten.
The resistivity of tungsten is 3.5 x 107 Q m. The current in the lamp is 350 mA.
Calculate the length of the filament in the lamp. 2]
2 Asemiconducting diode is an example of a non-ohmic component.
a State whatis meant by a non-ohmic component and give one other example of such
a component. 2]
b Sketch the (I-V) characteristic of a semiconductor diode in both forward bias (positive
values of V) and negative bias (negative values of V). [3]
¢ Describe the significant features of the graph in terms of potential difference, current
and resistance. [3]
3 a StateOhm’s law. [2]

A cable consists of twelve strands of copper wire, each of diameter 1.2 mm), connected
in parallel. The resistivity of copperis 1.7 x 10 Q m.

N

i Calculate the cross-sectional area of one strand of the copper wire.

N

ii Calculate the resistance of one strand of copper wire of length 10 m.
iii Determine the combined resistance of all the twelve strands in the cable.

N

4 The table shows data for a filament lamp operated at a low voltage, when the temperature of
the filament is only 20 °C and at a high voltage when the temperature of the filament is 2500 °C.

p.d./V ‘ current / mA
0.10 30
6.00 250
a State and explain how the data in the table shows that the lamp does not obey Ohm’s law. [2]

The filamentin the lamp is a 0.018 m length of tungsten wire. The resistivity of tungsten
at20°Cis 5.6 x 10 Q m.

i Calculate the cross-sectional area of the wire. [2]

.. . . resistivity of tungsten at 2500 C
ii Estimate the value of the ratio J 2

that you make.

—— ——. State any assumption
resistivity of tungsten at 20 °C




Practical circuits

m understand the effects of the internal resistance of a source of e.m.f. on the terminal potential difference (p.d.)
m understand the principle of a potential divider circuit as a source of variable p.d.
m recall and solve problems using the principle of the potentiometer as a means of comparing potential differences

_

internal resistance: the resistance of a source of e.m.f which decreases the terminal p.d. across the
source when there is a current; numerically equal to the lost volts divided by the current

terminal potential difference: the p.d. across an external resistor connected across a source of e.m.f.
lost volts: the difference between the e.m.f. and the terminal p.d. across a source. It is equal to the
voltage lost across the source due to internal resistance

potential divider: a circuit in which two or more components are connected in series to a supply; the
output voltage is taken across one of the components

potentiometer: a device used to compare potential difference or e.m.f.

E-V
Equations: r= %

1

E:
(R+r)

P=VIfor the external resistor
P=EIfor the source

P=1I°rfor the internal resistance
Ry
R+ R,

Vou =Vin

oL

This exercise develops your understanding of the differences and relationships
between e.m.f., potential difference and internal resistance.

1 Theequation E=V+Irappliesto a cell of e.m.f. £ and internal resistance r.

a Describe each quantity as a potential difference. One has been done for you.

E The e.m.f. of a cell - the p.d. across the cell when there is no current
v
Ir

b Describe each quantity using ideas about energy. One has been done for you.

E The electrical energy per unit charge produced in the cell
4
Ir
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2 Real cells have internal resistance.

a State asituation where the em.f. E of a cell is equal to V, the terminal p.d.
b Inuse, Eisnormally greater than V. Explain why.
¢ ltispossiblethat £=1IrandthatV=0. Explain how thisis done.

3 Ahigh resistance voltmeter placed alone across the terminal of a battery reads 6.0 V. When a
12 Qresistoris also placed across the terminals, the p.d. fallsto 4.0 V.

a State thevalue of the e.m f. of the battery.

Explain why there are no ‘lost volts’ across the internal resistance of the battery when the
readingis 6.0 V.

¢ State thevalue of the ‘lost volts’ when the resistor is connected.
A student finds the current using the formula Izg. The value of the resistance she uses is

12 Q. State which value of voltage she should use. (Look to see the voltage across the resistor
that you use in the equation).

e Astudentfinds the internal resistance of the cell current using the formula ® :%. State which
value of voltage he should use.

4 This graph shows the variation of the potential difference across a cell with the currentin it:

1.50

1.00
>
~
©
o

0.50

0

0 0.5 1.0 1.5 2.0 2.5 3.0
Current/A

a TheformulaforthecellisE=V+1Ir

Using the graph, copy and complete this table to show the values of the three terms. One has
been done for you:

E/V V/V Ir |V

Current /A
0
0.5 1.50 1.25 0.25
1.0
2.0
3.0

b When the currentis 0.50 A, the voltage across the cell is measured as 1.25 V. The label on the
cellis marked as 1.5 V. Explain what has happened to the e.m.f. of the cell.

¢ Explain, in terms of the external resistance, how different points on the graph are obtained.

5 When used to start the engine of a car, the p.d. across the motor at this time is only 2.0 V.
However the battery has e.m.f. 12 V. Explain why the p.d. across the motor is less than the e.m.f.
of the battery.
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Exercise 12.2 Using the internal resistance equations

This exercise will give you practice using, rearranging and performing calculations
involving internal resistance. You will use equations such as V= IR but must choose the
right voltage and resistance.

1 Theem.f of abatteryis 9.0 V. When a resistor is connected to the battery, the voltmeter reading
drops to 8.0V and the current is 0.40 A.

a Calculate the resistance of the external resistor.
b Calculate the internal resistance of the battery.

2 A9.0Qresistoris connected to a battery of em.f. 4.0V and internal resistance 1.0 Q.

a Calculate the currentin the circuit. (Only the e.m.f.is given, so choose as R the total
resistance of the circuit.)

b Calculate the p.d. across the 9.0 Q resistor.
¢ Statethe p.d. across the battery terminals.
State the p.d. across the battery terminal when the resistor is removed. (Without any resistor,

the battery is said to be in an open circuit.)

3 Abatteryof em.f. 6.0 Vis connected across a 10 Q resistor. The p.d. across the resistoris 4.0 V.

a Calculate the currentin the circuit. (You cannot use the e.m.f. directly in V= IR because you
do not know the total resistance.)

n b Calculate the internal resistance of the battery.

4 This graph shows the variation of the potential difference across a cell with the currentin it:

1.50

1.00

P.d./V

0.50

0 0.5 1.0 1.5 2.0 2.5 3.0
Current /A

a Rearrange the formula £=V+1Irto find expressions for the gradient of the graph and for the
y-intercept of the graphin terms of Eand .

b Usethe graph to find the internal resistance of the cell.

¢ Drawacircuit diagram of all the apparatus needed to be able to take the measurements
shown in the graph. Your apparatus should enable the current to be adjusted.

5 Atorchis powered by a4.5V battery. The p.d. across the filament lamp in the torch is 3.8 V and
the power produced in the lamp is 0.80W.

a Calculate the currentin the lamp. (There are many equations to choose from, but without
knowing a resistance you must use an equation for power.)

b Calculate the internal resistance of the battery.
¢ Calculate the energy lost per second as heat in the internal resistance of the battery.
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6 A1.2(Qresistorisconnected across a battery which has an internal resistance of 0.30 Q. The
currentis 3.0 A.

a Calculate the e.m.f. of the battery.
Calculate the potential difference across the terminals of the battery.

The 1.2 Q resistor is replaced with another resistor. The current is 1.5 A. Calculate the
resistance of the new resistor.

7 Abattery of internal resistance 2.0 Q and e.m.f. 6.0 Vis connected to a variable resistor R:

! 6.0V !
! 2.00 !
! |__ 2l — !
| | | — |
I I

a Copy and complete this table, which gives some values of R, the current I and the power
P dissipatedin R:

R/Q | I/A | P/w
0 3.0 0
1.0 2.0
2.0
3.0 43
4.0

When R=1.0Q:

b Calculate the power dissipated in the internal resistance.
Calculate the total power produced by the e.m.f. of the battery.
Compare P and the values obtained in b and c.

8 Abatterywith e.m.f. of 6.0V and internal resistance of 12 Q is connected to two resistors in
parallel, as shown:

a Calculate the total resistance of the circuit.
Calculate the current in the battery.

Calculate the potential difference across the
terminals of the battery.

Exercise 12.3 The potential divider

Sometimes it is useful to calculate voltage by using the principle of a potential divider.
You may then not have to calculate a current at all. This exercise gives practice with the
equation for a potential divider.
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1 Two resistors with resistance R, and R, are connected in a potential divider arrangement, as shown:

R1

Ry Vout

The voltage V,, is divided between the two resistors R, and R, in the ratio R;:R,. One of the parts
is the output voltage V,

out*

a Divide the number 30 in the ratio 6:4.
b Divide the voltage 80V in the ratio 6:4.
¢ Divide the voltage 60 Vin the ratio 12:3.
d IntermsofV,, R, and R, find an expression for the current in the potential divider.
e IntermsofV, andR, find an expression for the current in the potential divider.
f Thecurrentind and eis the same. Use this fact to show that:
=V Ry
out n R1 +R2
g Copy and complete this table. You may use the formula or simple ideas of splitting a voltage
into parts:
Vout/ 4 ‘ Vin/v ‘ Rl/Q ‘ RZ/Q
- 6.0 50 250
70
2.0 10.0 100
4.0 24.0 200
5.1 16.2 400

2 Avariable resistor is connected to a 2000 Q fixed resistor and a battery of e m.f. 6.0V and zero
internal resistance, as shown:

-

0to 4000 Q) 2000 Q
P4
_| ] | ]
[ 1 [

The resistance of the variable resistor is varied from 0 to 4000 Q.

Calculate the maximum voltage and the minimum voltage across the 2000 Q resistor.

3 Thisdiagram shows a potential divider circuit. The voltmeter has a very high resistance:

The resistor Ris divided into two sections, AX and AB, by the slider X.
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a Statethereading on the voltmeter when the slideris at A.
State the reading on the voltmeter when the slider is at B.

Calculate the reading on the voltmeter when the resistance of AXis 4.0 Q and the resistance
of XBis 8.0 Q.

4 Apotential difference of 6.0 Vis applied to a combination of resistors, as shown:

o o
500 Q 400 Q
6.0V B c
2000 Q R
o & ¢ D
A

a Calculate the p.d. between points A and B.
b Calculate the p.d. between C and D when the resistor R has resistance:

“ N\ i 2000

TIP i 4000
Think of the line i 1600 0.
AD as beingat0V.
Find the voltage
atBand atCand i 2000

subtract them. ii 400Q
71
& J i 1600 Q.

Exercise 12.4 The potentiometer

A potentiometer can be used to compare voltages quickly and accurately. This exercise
gives you practice in using the readings from a potentiometer.

¢ Calculate the p.d. between B and C when the resistor R has resistance:

1 Auniform resistance wire PQ of length 100 cm is connected in parallel with a supply of e.m.f. 10V
and zero internal resistance. A cell of e.m.f. 2.0 Vis connected across part of the wire, as shown:

P

o -

e () | | w00em
2.0V R

a Calculate the potential difference across 1.0 cm of the resistance wire.
Calculate the p.d. across points R and Q when the distance RQ is:
i 20cm
ii 25cm
iii 40 cm.
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¢ Calculate the reading of the voltmeter when the distance RQ is:
i 20cm
ii 25cm
iii 40 cm.

2 Thiscircuitis a potentiometer used to measure a potential difference Vi

cellA em.f. Ep
re=-=== : R

I
Al

M uniform resistance wire
—o length 1.000 m

sensitive meter

The movable contact M is always adjusted until the sensitive meter records zero current. The
resistance of the 1.000 m length of resistance wire is 10 Q.

a Assume R=0. Copy and complete this table:

E ]V | " | [/m
2.0 0.60 0.30
2.0 0.44

0.60 0.40
72
6.0 0.80

b AssumeE,=2.00V;R=900Q.
i Calculate the p.d. across the resistance wire.
ii Calculate Vg if [=0.245m.
iii Having a large resistance R allows small voltages to be measured. Explain why.

¢ Thecircuit can be used to measure a small voltage of 2.0 mV. Cell Ais a power supply of
known voltage 6.00 V.

i Calculate the value of R which produces a p.d. of 3.0 mV across the wire.

ii Outline the procedure and measurements to be taken that allow the small voltage
to be obtained.

iii Explain how the small voltage is calculated from the measurements.
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Exam-style questions

1 Abattery hase.m.f. £ and internal resistance . It is connected to six lamps, as shown:

side-lamps  back-lamps head-lamps

0.5AY 0.5AY 1.0AY 1.0AY 4.0AY 4.0A

The switches to the individual lamps are not shown. The currents in the lamps, when they
are all switched on, are shown. The e.m.f. £ of the battery is 12.0 V and the internal resistance
ris 0.150 Q.

a Explain whatis meant by the internal resistance of the battery. [1]
b Use energy considerations to explain why the e.m.f. of the battery

is not equal to the p.d. across the battery. [2]
¢ Calculate the p.d. across the terminals of the battery when all the lamps are switched on.  [3]
d Calculate the resistance of a single head-lamp bulb. [2]
e Calculate the current in the battery when only the two head-lamp bulbs are switched on.  [1]
f Thecardriver notices that the side-lamps are slightly dimmer when the head-lamps

are on. Explain why. 2]

2 Abattery of e.m.f. 6.0 Vis connected to two resistors in series. One resistor has resistance
1600 Q and the other 1200 Q. The two resistors in series are a potential divider.
a Explain whatis meant by a potential divider. [1]

Explain why the p.d. across the 1600 Q resistor is larger than the p.d. across the

1200 Q resistor. [2]
¢ Theinternal resistance of the battery is very small. Calculate the p.d. across the

1600 Q resistor. (2]
d Avesistor of resistance R is connected in parallel across the 1600 Q resistor. The p.d.

across this resistor falls to 2.0 V. Calculate the value of R. 2]

e Apotentiometeris a device for comparing voltages. Draw a circuit diagram of a
potentiometer used to compare the e.m.f. of two cells. You will need another cell,
aresistance wire and a sensitive ammeter. Explain the procedure used to find
the ratio of the e.m.f.s of the two cells. [3]



describe what is meant by wave motion as illustrated by vibration in ropes, springs and ripple tanks

understand and use the terms displacement, amplitude, phase difference, period, frequency, wavelength and speed
deduce, from the definitions of speed, frequency and wavelength, the wave equation v=fA, recall and use the
equation v="fA

understand that energy is transferred by a progressive wave

recall and use the relationship intensity < (amplitude)?

compare transverse and longitudinal waves and analyse and interpret graphical representations of these waves
determine the frequency of sound using a calibrated cathode-ray oscilloscope (c.r.0.)

understand that a Doppler shift is observed with all waves, including sound and light and use the equationf, =
for the observed frequency when a source of sound waves moves relative to a stationary observer

state that all electromagnetic waves travel with the same speed in free space and recall the orders of magnitude of the
wavelengths of the principal radiations

_

displacement: the distance moved by an object in a particular direction (measured from a fixed
starting point)

amplitude: the maximum displacement of a particle from its equilibrium position

phase difference: the difference in the phases of two oscillating particles; the amount by which one
oscillation leads or lags another, expressed as 360° if they are one whole oscillation out of step

period: the time taken by an object to complete one cycle of an oscillation
frequency: the number of oscillations or waves that pass a pointin unit time

wavelength: the distance between two adjacent peaks or troughs in a wave or the distance between
adjacent points having the same phase

intensity: the power transmitted normally per unit area of a surface (the brightness of light striking
a surface)

Doppler shift: the change in frequency or wavelength of a wave when the source of the wave is moving
towards or away from the observer (or when the observer is moving relative to the source)

Equations: v=/4
intensity o< (amplitude)?

period=——
frequency
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Exercise 13.1 Basic terms and wave diagrams

In this exercise you use wave terms and practise with phase differences and wave
diagrams.

1 These two diagrams represent a transverse wave. The one on the left shows how the
displacement varies with distance at one instant in time. The one on the right shows how the
displacement varies with time at one distance from the source:

Displacement Displacement

0 > 0 =
0 .
\/ DiStance 0 \/ Time

a Copy both diagrams and, on either one or both of them, label the quantities:

amplitude, wavelength, period, frequency

Use your displacement-distance diagram to answer parts b-d:

b Mark a point thatis in phase with A. Label this B.
¢ Mark a point that has a phase difference of 180° compared with A. Label this C.
d Mark a point that has a phase difference of 90° compared with A. Label this D.

Remember: 360° is one whole circle and one whole wavelength further along the wave.

75
2 a Complete these statements about progressive waves: -
In longitudinal waves the vibrations are to the direction of the
energy transfer.
In transverse waves the vibrations are to the direction of the
energy transfer.

b State whether these waves are longitudinal or transverse:

Type of wave ‘ Longitudinal or transverse

radio waves

ultrasound waves

microwaves

ultra-violet waves

waves on a rope

¢ Describe how to use a long spring to produce a longitudinal wave that travels along
the spring.
d Describe how the same spring can be used to produce a transverse wave.

3 Aspringisvibrating longitudinally at a frequency of 2.0 Hz. At one instant the distance between
a compression and the adjacent rarefaction is 16 cm. Calculate the speed of the wave.

Remember: a compression is where the coils are close together; it is half a wavelength from the
nearest rarefaction, where the coils are far apart.
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4 Thisdiagram shows a transverse wave travelling to the right at 6.0 cm s™:

Displacement

/ AN
/ k  Distance / cm

D
N,

Determine the wavelength of the wave.
Use the formula v=fA to calculate the frequency of the wave.
Determine the time period of the oscillations of the wave.

O 0 T o

Copy the diagram and, on the same axes, draw the position of the wave 0.20 s later. You
might find how far the wave has moved using speed = distance X time

5 Thisdiagram shows how the displacement of a particle in a wave varies with time:

Displacement

%

0
JL/ 2 3 4 STime/s

——

Determine the time period of the wave.

Determine the frequency of the wave.
The speed of the wave is 16 cm s7. Calculate the wavelength of the wave.

o 0 T o

Copy the diagram and, on the same axes, draw the displacement-time graph for a point
that has a phase difference of 900 to the oscillation of the particle shown.

Remember: as 360° is one whole circle, your new graph should move along % ofa
time period.

Exercise 13.2 More about phase difference

This exercise focuses on phase difference and how it can be shown in wave diagrams.

1 Thisdiagram shows five points on a wave:

Displacement ¢

IEVANA
VARVES

A E

\j

a State which two points have a phase difference of zero.

b State which two pairs of points have a phase difference of 270°.

¢ Thewave moves to the right. At the instant shown in the diagram:
i Statethedirection in which a particle at A moves.
ii State the direction in which a particle at B moves.



Chapter 13: Waves

2 Two points on a progressive wave are 25 cm apart and differ in phase by 90°.

a Explain how this information shows that the wavelength of the wave is 100 cm.

Determine the distance between two points on the wave that have a phase
difference of 270°.

¢ Two points on the wave are separated by a distance of 15 cm. Calculate the phase
difference between the two points.

3 Explainin your own words what is meant by a phase difference.

4 This diagram shows the variation of displacement with time of two points A and B on the

AR
W

a Compare the amplitude of the motions of A and B.

Displacement

b Compare the frequency of the motions of A and B.
¢ Compare the phases of the motions of A and B.

Exercise 13.3 Wave intensity, measuring time and the
electromagnetic spectrum

This exercise involves some more complex ideas, such as intensity, the
electromagnetic spectrum and using the time base on an oscilloscope to measure
a time.

1 Two waves of the same frequency have amplitudes of 1.5 cm and 3.0 cm.
intensity of wave of amplitude 1.5cm
intensity of wave of amplitude 3.0cm

Calculate the ratio

Remember: intensity < (amplitude)?.

2 Awave has amplitude A, and intensity I,. The other waves in this table have the same frequency
but different intensities and amplitudes:

Amplitude ‘ Intensity
initial wave A, I,
1
wave A 5 A0
1

wave B 51,
wave C 3A,

wave D 161,

Copy and complete the table, determining the missing amplitudes and intensities, in terms of
Asand I,
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3 Awave has amplitude of 0.5 m and intensity 2000 W m=.

a Calculate the intensity of a wave of the same frequency with an amplitude of 1.0 m.

b Calculate the amplitude of a wave of the same frequency that has an intensity
of 5000 W m=.

4 Copy and complete this table. It shows the wavelengths and frequencies of some
electromagnetic waves. The speed of all the waves is 3.0 x 108 m s

Frequency / Hz Wavelength /m Region of the

spectrum
3.0x 107
5.0x 107 visible
6.0x 1071
5.0x 10"
6.0 x 10?
3.0x 108

5 Asound isinvestigated by connecting a microphone to a cathode-ray oscilloscope (c.r.0.).

This diagram shows the trace of the sound wave on the c.r.o. One division on the x-axis of the
c.r.o. represents 0.5 ms:

/1N A

\/ \[/

a Determine the time period of the sound. (The x-axis measures time so find the
number of divisions or squares for one cycle and then use the ‘timebase’ of 0.5 ms per
division.)

b Use the equation period=
frequency

to determine the frequency of the sound.

¢ Anothersound is connected to a different c.r.o. and the same trace is produced.
Determine the frequency of the sound if one division on the x-axis of the new c.r.o.
represents 2.0 ms.

Exercise 13.4 The Doppler effect

This exercise tests your understanding of what causes the Doppler effect, particularly
with sound and light. You will also practice using the equation for the Doppler effect
when a source is moving.
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A stationary observer notices an increase in frequency when a source of sound moves
towards him.

Three students suggest that the increase in frequency is caused because:

e thevelocity of the sound in the airis larger because the source is moving
e thewaves are squashed together because the source is moving towards him
e thesoundis louder as the source comes nearer.

a State which of the suggestions is the best description.
b Explain why the sound has a higher frequency as the source approaches.

Atrain sounding a whistle of frequency 400 Hz travels at 40 m s=. The sound heard by an
observer standing very close to the track has a frequency greater than 400 Hz as the train
approaches. The speed of sound in airis 340 m s,

a Calculate the frequency heard by the observer as the train approaches.
b Calculate the frequency heard by the observer as the train travels away from her.

A police car drives at 30 m s with its siren blaring at a frequency of 2500 Hz. Calculate the
frequency heard as the car approaches directly towards some observers. The speed of sound in
theairis340ms™.

Aloudspeaker which emits a note of frequency 300 Hz is whirled in a horizontal circle at a speed
of 20 m s7. Calculate the maximum and minimum frequencies heard by a stationary observer.
The speed of sound is 340 m s,

79

An aircraft flies directly over a stationary observer on a windless day. The engine note heard on -
the ground before take-off is 250 Hz. As the plane approaches the observer, the frequency heard

by the observeris 300 Hz. The speed of sound in airis 340 m s™.

a Calculate the speed of the aircraft.

b Calculate the frequency heard by the observer as the aircraft moves away from him at the
same speed.

Alinein the spectrum of calcium has a frequency 7.557 x 10 Hz when measured in the
laboratory. When the same spectral line is observed in the spectrum from a star, the frequency
observed is 7.449 x 10" Hz.

The speed of light is 3.00 x 10® m s

Calculate the speed with which the galaxy is moving away from the Earth.

Avery hot distant galaxy emits violet light of wavelength 4.0 x 107 m. This light cannot be
detected by the human eye on Earth as the violet light is shifted into the infra red part of the
spectrum. The smallest wavelength of infra red is 7.0 x 107" m.

Estimate the minimum velocity of the galaxy away from Earth.

The speed of light is 3.00 x 102 m s. You do not need to take relativistic effects into account.
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1 These diagrams show the same progressive wave on a string. Diagram 1 shows the wave at time
t=0, and diagram 2 shows the wave at t=0.10 s. The wave is moving from left to right.

Diagram 1 Diagram 2

wave at t=0 R wave att=0.10s

4.0cm

Two points P and Q are marked on the string and appear in both diagrams.

a Determine the wavelength of the wave. (1]

Calculate the speed of the wave, stating any assumption that you make. (Look at the
peak of one line in the diagram at t =0 and see how far it has moved along horizontally

by the time t=0.10s. The vertical lines on the diagrams are 4.0 cm apart). [3]
¢ Calculate the frequency of the wave. 2]
d Compare the amplitude of the wave at P and Q. [1]
e Calculate the phase difference between the oscillations of P and Q. [2]
f Attimet, the amplitude of the oscillation of P is 6.0 cm and at time ¢, the amplitude is

4.0 cm. Calculate this ratio: 2]

intensity of the wave at t,: intensity of the wave at t,

n 2 a Wavescan be longitudinal or transverse.

i State one difference and one similarity between longitudinal and transverse waves.  [2]
ii Give one example of each type of wave.

N

b This diagram shows a longitudinal wave of frequency 3.0 Hz:

HIRIEEET=E TP ET EEETI

o
A B
A, B, C, D and E are points through which the wave travels.

—
—
[

i Explain what is meant by frequency.

—
—
[l

ii State which two points are one wavelength apart.
iii The distance between points A and B is 14.0 cm. Calculate the speed of the wave.

N

iv. Determine the phase difference between the oscillation of the wave at point A and B.
(First work out the fraction of one wavelength that exists between A and B.) 2]

¢ Electromagnetic radiation at a frequency of 1.4286 x 10° Hz and a wavelength
of 21.000 cm is emitted by hydrogen in the laboratory. The same radiation received
on Earth from a hydrogen cloud in a distant galaxy has a frequency of 1.4194 x 10° Hz.

—
—
[

i State the part of electromagnetic spectrum in which this radiation is found.

N

ii  Explain why the two frequencies are different.
iii Calculate the velocity of the hydrogen cloud relative to the Earth.

N



Superposition of waves

explain the meaning of the term diffraction

show an understanding of experiments that demonstrate diffraction

understand the terms interference and coherence

understand the conditions required if two-source interference fringes are to be observed and understand experiments
that demonstrate two-source interference using water ripples, light and microwaves

recall and solve problems using the equation A = % or double-slit interference using light

recall and solve problems using the formula d sin 6=nA

describe the use of a diffraction grating to determine the wavelength of light

_

interference: the cancellation and reinforcement when two waves pass through each other
diffraction: the spreading of a wave at an edge or slit

superposition: when two waves pass meet at a point and the resultant displacement is the algebraic
sum of the displacement of each wave

constructive interference: when two waves arrive in phase and the resultant amplitude is the sum of
the amplitudes of the two waves

destructive interference: when two waves arrive out of phase and the resultant amplitude is the
difference in the amplitude of the two waves

coherent: two waves are coherent if they have a constant phase relationship
conditions for fringes to be observed: in two-source interference the waves must:
e have the same wavelength (frequency and speed)

e becoherent

Equations: A = %for double-slit interference

dsin 8=nA for the diffraction grating

This exercise helps you to think about interference and path difference. Remember
that path difference is an actual distance and it is not the same as phase difference,
although the two are related.

1 Thisdiagram shows how the displacement of a particle at a point on the surface of water varies
with time:

Displacementi

A A AT
NN
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Copy the diagram and, using the same axes:

a Sketch the variation with time of a wave with twice the amplitude; your wave should be in
phase with the wave in the diagram.

b Show the resultant displacement if both waves pass through the same point.
¢ Draw a wave that has the same amplitude as the original wave but is out of phase with it.

Show the resultant displacement if the original and the wave in part ¢ pass through the
same point.

2 Circular waves are produced at points P and Q. This diagram shows the wavefronts produced
that are one wavelength apart:

‘ ’o‘é
(&
"f‘o‘

Look at point A. Two sets of waves arrive at A, one from source P and the other from source Q.
There are three whole wavelengths between A and P (i.e. AP =3A4). There are also three whole
wavelengths between A and Q, so AQ =3A. The path difference between the two sets of waves
AP —-AQ=0.

Look at point B. There are S%Whole wavelengths between Band P (i.e. BP = 3%1). There are also
three whole wavelengths between B and Q, so BQ =3A. The path difference between the two
sets of waves BP—BQ = %)L.

a Explain why there is constructive interference at point A.
Explain why there is destructive interference at point B.

¢ Copy and complete this table to find the path difference for each of the points C to G. For
each, decide whether the interference is constructive or destructive.

Point X | Distance from X to P | Distance from Xto Q | Path Interference at the
difference point

A 31 31 0 constructive

B 3%1 3 %,1 destructive

MmO O




Chapter 14: Superposition of waves

d Copy and complete these sentences:
i AtpointsA, Cand D, the path difference from the point to the two sources is

ii  The two waves arrive phase and they interfere.

iii At points B, E, Fand G, the path difference from the point to the two sources is

iv. The two waves arrive phase and they interfere.

e Copy ortrace the two sets of wavefronts in the diagram. On your diagram, join up all the
points where the path difference from the point to P and Q is 0. You will find these points
where a circle from P crosses the ‘same’ circle from Q.

f Usingyourdiagram, join up all the points on one side of the point A where the path
differenceis A. To do this: Starting at source Q, count three circles outwards from Q and four
circles outwards from P. Where these two circles cross there are two points where the path
differenceis A. Now repeat with four circles out from Q and five from P and also 3% circles out
from Q and 415 circles out from P, and so on. You can also find points on the left-hand side
where the path difference is such that Q is further than P from the point chosen.

Exercise 14.2 Two-source interference experiments

This exercise help you to think about the apparatus used and results found in
two-source interference experiments.

1 Thisdiagram shows light from a laser that passes through two slits:

slide with
double slit

bright spots

ax
D

The equation 4 = — is used to determine the wavelength A of the laser light.

a State whatis meant by the other quantities in the formula and, on a copy of the diagram,
mark the distances a, xand D.

b State how you would measure each distance used in finding the wavelength. Indicate the
instrument used in each case and include one precaution that you would take to ensure an
accurate result.




Cambridge International AS and A level Physics

¢ Thewavelength of red light is about 7 x 107 m. Use this value to suggest suitable values for
all of the other distances in the formula.

d The bright spots are found to be too close together on the screen for accurate measurement.
Suggest two changes that can be made to the experiment to increase the separation of the
spots.

e Alaserisusedinthe experiment. Give two reasons why a laser is preferred to an ordinary
white lamp. Think about brightness and the effect of the different colours in white light.

2 Two-source interference can be shown with water waves and microwaves as well as light.

a Draw the apparatus that is used to show two-source interference of water waves.
Draw the apparatus that is used to show two-source interference of microwaves.

The wavelengths of light and microwaves are different. For a double-slit experiment, suggest
how the wavelength of the microwaves leads to differences in the quantities a, x and D as
compared with those used in light experiments.

Exercise 14.3 Calculations and descriptions with the
double-slit experiment

This exercise helps you practise using the double-slit interference formula and
applying it to experiments.

1 Thisdiagram shows a double-slit experiment using coherent light:
double slit

coherent
light

0.25 mm

1900 mm

The wavelength of the light is 5.0 x 107 m

a Calculate the spacing of the fringes on the screen.

b The pattern on the screen of intensity against distance can be drawn graphically. Copy and
complete this graph:

Intensity

T T
Distance along screen

centre of fringe
pattern

In the following situations, ¢ to g, state what happens, if anything, to the dark and bright fringes.

The slits are moved closer together.
The wavelength of the light is increased.
The intensity of the light passing through both slits is reduced.

The intensity of the light passing through only one of the slits is reduced. (Think about what
happens in destructive and constructive interference when waves have different amplitude.)

- ® O 0N
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g Thecoherentlightis replaced by light of the same wavelength, but from two different sources
that are not coherent. (Consider what happens if the phase of one source suddenly changes.)

2 Adouble-slitinterference experiment uses a source of wavelength 5.86 x 10~ m. The separation
of the two vertical slits is 0.30 mm and the distance from the slits to the screenis 1.7 m.

a Describe the appearance of the fringes.
Calculate the fringe separation.

Calculate the distance on the screen between the middle of the central fringe and the
middle of the first dark fringe.

3 Thisdiagram shows the central section of the double-slit interference pattern on a screen:

T T T T T
Ll ] Il I I

g~

1mm

a Determine a value for the separation of the fringes on the screen.

The screen is 2.0 m from the slits and the separation of the slits is 1.0 mm. Calculate the
wavelength of the light.

¢ Draw the pattern obtained when the separation of the slits is halved. Make sure you include
the scale.

d Describe the pattern obtained when a white light source is used. The light from the two slits
is still coherent, even though it is now white and contains a mixture of wavelengths.

4 Two coherent light sources are 0.30 mm apart. They each emit light of wavelength 4.95 x 10" m.
An interference pattern is produced on a screen placed 2.00 m from the sources. Calculate the
distance between two neighbouring bright fringes on the screen.

5 Inadouble-slitinterference experiment, the distance from the two sources to the screen is
1.6 m. A pattern of dots is seen on the screen with one central dot and three dots on either
side of the central dot.

The distance between the central dot and the third dot on one side is 10.0 mm.
The wavelength of the light from the laser used is 6.0 x 10" m.
The third dot away from the central dot is three fringe spacings away.
a Calculate the fringe separation, x.
b Calculate the separation of the slits, a.
6 Twoslitsin a metal barrier are placed in front of a source of microwave radiation, as shown:

P

microwave

source
S;

Qe

Sy
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The wavelength of the microwaves is 3.0 cm.

The distance S;P is 90.0 cm and the distance S,P is 99.0 cm.

a Calculate the path difference between the two waves, one travelling from S, to P and the
other travelling from S, to P. Give your answer in cm.

b State the phase difference between the two waves arriving at P.
State the type of interference occurring at P.

A detector of microwaves is placed at O and moved slowly towards P. Describe what is
observed. Use your answer to b to see how many maxima and minima there are between
OandP.

Exercise 14.4 Diffraction and the diffraction grating

This exercise helps you understand the role of diffraction and gives you practice in
using the diffraction grating formula.

1 Match the four wave terms with the correct statement:

diffraction needs a constant phase difference between two waves

interference occurs when waves meet and the resultant displacement
is the sum of the displacements of each wave

coherence causes a pattern due to cancellation and reinforcement of
the waves

superposition causes waves to spread out as they pass through narrow
gaps

2 Thisdiagram shows a student’s drawing of the diffraction pattern of a water wave as it passes
from left to right through a gap which is larger than the wavelength:

a State two things that are incorrect about the diagram.
b Draw adiagram of the diffraction pattern if the gap is much smaller than the wavelength.

3 Thespeedof soundis 320 ms.

a Calculate avalue for the wavelength of the sound of frequency 2.0 kHz. (Take care to use the
equation v=fA with the frequency in Hz.)

b Draw adiagram of apparatus you could use to show the diffraction of sound. Suggest the
size of the gap used.
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4 Adiffraction grating has 500 lines per millimetre. Light is incident normally on the grating.

Calculate the distance, in metres, between one line and the next on the diffraction grating.
Calculate the wavelength of light that gives a first-order maximum at an angle of 22.0°.
Calculate the angle of the second-order maximum when light of this wavelength is used.

o N T o

State what happens when you try to use the diffraction grating formula for the third-order.
This limits the number of orders to only two in this case.

e State the total number of lines seen in the diffraction pattern if only two orders are present
in the spectrum of a monochromatic source of light.

5 Light of wavelength 590 nm is incident normally on a diffraction grating of width 30.0 mm which
contains 10 000 lines.

a Calculate the spacing of the lines in the grating.

b Calculate the angular positions of the various orders.

6 When red light of wavelength 700 nm is passed normally through a diffraction grating, the
first-order maximum is found at an angle of 25° to the zero-order beam.

a Calculate the grating spacing and the number of lines per millimetre in the grating.
Calculate the angle for the first-order maximum using blue light of wavelength 400 nm.

Calculate the difference in angle between the blue light and the red light in the first-order
spectrum.

7 Light of wavelength 600 nm is incident normally on a diffraction grating, as shown:

screen

diffraction
grating

— -
-} -

First order maxima are seen at positions A and C on the screen.

a Calculate the angle 6.
Calculate the grating spacing.

Calculate the distance on the screen between B and the position of a second-order
maximum.
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1 Avertical screen is placed some metres from a vertical double slit. A single beam of red light
from a laser shines on the double slit and a pattern of red dots is seen on the screen.
Be careful not to

confuse questions a Explain how the pattern of red dots is formed on the screen. Use ideas about path

o a e e difference, phase difference and interference in your answer. [3]
experiment and b Explain, using ideas about diffraction why this pattern becomes less bright towards the
on the diffraction edge of the screen. 2]
grating.
2 Diffraction gratings can be used to find the wavelength of light.
a Describe how you would use a diffraction grating to find the wavelength of light from
alaser. (4]
b State an advantage of using a diffraction grating rather than double
slits in your experiment. Explain your reasoning. 2]
3 Inanexperiment using double slits, eight fringe spacings on the screen are found to occupy a
distance of 0.40 cm. The screen is 50 cm from the slits. The wavelength of the light is 700 nm.
a Calculate the fringe spacing. (1]
Calculate the separation of the slits. 2]
¢ Thedoubleslits are replaced with a diffraction grating. The slits in this grating
are separated by the same distance as the double slits. Light of the same wavelength
(700 nm) is shone through the grating. Calculate the angle of the first-order maximum. 2]
d State two differences between the patterns seen when the double slits and the
88 diffraction grating are used. 2]

e Suggest why having lines as far apart as this for a diffraction grating experiment
is not suitable. [2]



Stationary waves

explain and use the principle of superposition in simple applications of stationary waves

show an understanding of experiments that demonstrate stationary waves using microwaves, stretched strings
and air columns

explain the formation of a stationary wave using a graphical method, and identify nodes and antinodes
determine the wavelength of sound using stationary waves

_

stationary wave: a wave pattern produced when two progressive waves of the same frequency
travelling in opposite directions combine

progressive wave: a wave that carries energy from one place to another
node: a point on a stationary wave where the amplitude is zero
antinode: a point on a stationary wave where the amplitude is a maximum

superposition: when two waves meet at a point and the resultant displacement is the algebraic
sum of the displacement of each wave

Equations: distance from one node to the next (or one antinode to the next) :%

distance from one node to the nearest antinode =4

4

This exercise gives you practice using graphs of stationary waves and in applying
the principle of superposition.

1 Thisdiagram shows a string fixed at both ends vibrating with a stationary wave pattern:

1.5m

A
\j

At the time shown, the displacement is a maximum.

a Drawthestring vibrating between the same ends a quarter of cycle later than in the diagram.

Draw the string vibrating between the same ends a half cycle later than in the diagram.
Remember the stationary wave is not moving along - some of the points on it are just moving
up and down and some points do not move up and down at all, they stay as zero all the time

¢ Calculate the wavelength of the wave. Use the idea that the distance between successive

nodes is%.

d Inthediagram, the arrow on point A shows the direction in which the string at Ais about to
move. State the directions in which points B, C and D are about to move.
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2 Thisdiagram shows the displacement of two waves P and Q at one instant in time:

Displacement

P

N

/’ \\ // \\ //’ \\
0 < , .

\
SO S v,/ \ Distance

Q

The two waves travel in opposite directions. Wave P moves to the right and wave Q moves to the
left. These two waves combine by the principle of superposition to form a stationary wave.

a Copy thediagram onto a piece of graph paper, leaving enough space below for three similar
diagrams. Draw and label the resultant of P and Q on your diagram.

Ashort time t later, the waves have moved a quarter of a wavelength in opposite directions,
as shown:

PandQ

b Copy this diagram underneath part a, on the same sheet of paper. Draw the resultant of
PandQ.
¢ Drawthe diagram and resultant again, with each wave having moved a further quarter of

n awavelength in opposite directions.

A progressive wave moves along. Half the distance between the vertical lines is%.

d Draw the diagram and resultant again, with each wave having moved a further quarter of
awavelength in opposite directions.

e Markon yourdiagram the letter A at all the places where the resultant wave always has
a maximum amplitude. Add the letter N at all places where the resultant is always zero.

3 Astationary wave is formed by the superposition of two progressive waves.

This diagram shows a stationary wave and one of the two progressive waves at one instant
of time. The distance along the x-axis is the horizontal distance along the wave:

progressive stationary wave
wave
/
3 \
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a Complete this table. Show the values of:
e thedisplacement of the stationary wave

e thedisplacement of the progressive wave at the distances along the x-axis shown in
the table

o thedisplacement of the other progressive wave (the one not shown on the diagram).

One row has been done for you.

Distance along Displacement Displacement of Displacement of
Xx-axis /cm of stationary progressive wave | other progressive
wave / cm shown /cm wave / cm

0 +2.0 +1.0 +1.0

0.50

1.00

1.50

2.00

b State the values of the distances along the x-axis on the diagram where nodes are formed.

State the values of the distances along the x-axis on the diagram where antinodes are
formed.

d State the distance in centimetres between a node and the nearest antinode and compare
this distance with the wavelength A of the progressive wave.

Exercise 15.2 Using stationary wave patterns

This exercise helps you to use stationary wave patterns to find wavelengths,
frequencies and speed.

1 Thisdiagram shows three stationary wave patterns on the same wire PQ:

1.2m

The distance between points P and Qis 1.2 m.

State the wavelengths of waves A, B and C.
The frequency of wave A is 240 Hz. State the frequencies of waves B and C.
State the number of antinodes shown on each of the waves A, B and C.

o N0 T o

Describe the motion of wave A, starting with the wave position shown by the solid line.

2 Thelength of astring is 60 cm.

a Calculate the longest wavelength of a stationary wave that can be set up on the string.

b Thesound heard from the wave in a has a frequency of 100 Hz. Calculate the speed of the
wave on the string.
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3 Awire of length 0.24 mis fixed at both ends. An oscillator makes the wire move up and down as
a stationary wave. At certain values of the oscillator frequency, stationary waves are formed; the
different stationary waves have different wavelengths.

a Statethe three largest wavelengths of stationary waves that can form on the wire.

b The speed of the wave along the wire is 100 m s7. Calculate the three smallest frequencies
that produce stationary waves.

4 Aloudspeaker creates a stationary wave in a tube. The dust in the tube collects in piles at the
nodes. There is also a node at the closed end:

closed end

glass tube

signal loudspeaker
generator

all

ust piles
up at nodes
a Explain why the dust collects at the nodes.
b The distance between successive nodes in the pattern is 5.0 cm. The speed of sound
in the tube is 320 m s7. Calculate the wavelength and frequency of the sound from the

loudspeaker.

¢ Inthediagram, starting from the open end, there is a sequence ANANANA of antinodes and
nodes, where Ais an antinode and N is a node. Suggest two other possible sequences within
the tube where the distance between successive nodes is larger than 5.0 cm.

Exercise 15.3 Using the correct terms to explain
stationary waves
Itis important to be able to use terms such as amplitude and phase correctly and to

make comparisons. This exercise provides practice in using these terms and making
comparisons.

1 Thisdiagram shows a string carrying a stationary wave at the instant when the displacement
is a maximum:

P,Q,R,Sand T are points marked on the string.
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The point P is at an antinode. Explain what is meant by an antinode.
Explain what is meant by a node.
State how many nodes there are on the diagram.

o 0 T o

Complete this table to give the phase difference between different points on the stationary
wave. Two values have been done for you.

Remember points between nodes on a stationary wave move up and down in phase.

Points ‘ Phase difference between the points

PandQ 0
PandR 180°
PandsS
PandT
QandR
QandS
RandS

e Describe where points with no phase difference will be found on a stationary wave.

Compare the phase difference between points at different distances along a stationary wave
with the phase difference between points along a progressive wave.

g Point Qvibrates up and down in phase with point P but with a lower amplitude. Place the
amplitudes of the oscillations at P, Q, R, S and T in order, from largest to smallest.

h Describe how the amplitude of oscillation of a point on a stationary wave varies along the wave.

Compare this with the amplitude of oscillation of different points along a progressive wave.
i Compare the transmission of energy along a stationary wave and along a progressive wave.

Explain why there is a difference.

2 This diagram shows the shape of one stationary wave formed on a guitar string when a note
is played:

Points P, Q and R are three marks on the string, placed at the antinodes.

a Explain how a stationary wave is formed on the guitar string from a progressive wave
travelling along the string.

b Describe the motion of point P.

Compare the oscillation at the three points. You should describe any similarities and
differences in the amplitude and in the phase difference between the points.

d Draw the shape of another stationary wave that forms on the same length of string but
which has a larger wavelength than shown in the diagram. Mark the nodes on your diagram.

3 Thisdiagram shows a mode of vibration of a stationary wave set up in a closed tube:

loudspeaker closed tube
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a Describe the motion of a molecule of air at an antinode.

b Explain how waves from the loudspeaker produce stationary waves in the tube.
The wavelength of sound from the loudspeaker is 8.0 cm. Determine the length of the tube.
(Ilgnore end corrections.)

The frequency of sound from the loudspeaker is gradually increased and the next mode of
vibration is found.

d Sketch this mode.
e Determine the wavelength of the wave formed in this mode.

Exercise 15.4 Planning experiments on stationary waves

Being able to describe and plan experiments needs practice and thought. This exercise
includes a number of structured approaches to experiments involving stationary waves.

1 Thisdiagram shows apparatus that can be used to show a stationary wave on a string and to
measure the wavelength of the wave:

vibration
pulley generatorJI

signal
generator

oxom |l
a State how you can obtain a stationary wave on the string and how you would recognise the
positions of nodes and antinodes.

b Suggest how you can measure the wavelength of the wave. Include one precaution that
enables an accurate value to be found.

¢ Thefrequency of the wave is the frequency of the signal from the signal generator. Explain
how this frequency can be measured using an oscilloscope.

d Suggest how the experiment can be used to determine how the speed of the wave on the
string depends on the tension in the string.

2 This diagram shows apparatus that can be used to produce a stationary microwave:

reflecting
sheet

transmitter
m(‘V
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Describe how you would use the apparatus to demonstrate a stationary wave.
Explain why a stationary wave is set up.

Explain how to use the stationary wave to measure the frequency of the microwave from the
transmitter.

3 Thisdiagram shows a column of water and a tuning fork:

tuning
_ fork
I — air
A
4 D
N——_
—— water

&

When the length of the air column'is %, a stationary sound wave is produced with one node and
one antinode.

a
b
c

State whether a node or an antinode is found at the top of the air column.
State whether a node or an antinode is found at the surface between the water and the air.

State, in terms of A, what length of air column produces a stationary wave with two nodes
and two antinodes.

Describe how you would use the apparatus to demonstrate that stationary waves can
be set up.

Describe and explain how you would use the apparatus to measure the wavelength of

sound. Since the antinode at the open end of the tube is slightly outside the tube, your
method should involve the difference in the lengths of two air columns where thereis a
stationary wave.

The frequency of a tuning fork is marked on the tuning fork. The experiment is repeated with
different tuning forks. Describe the graph obtained when the wavelength 4 of the sound
wave is plotted against the frequency f of the tuning fork.

Suggest a graph that may be plotted involving fand A to give a straight line with a gradient
equal to the speed of the sound in the air column.
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1 Astringis fixed at one end and made to vibrate by a vibrator close to that end. The frequency of
the vibrator is altered until a stationary wave forms, as shown:

fixed 120 cm

end \ 1
' pulley

oscillator

masses

a Explain how a progressive wave produced by the vibrator causes the stationary
wave to form.

N

b Copy the wave pattern and mark on your diagram where nodes are found.

—
—
[

¢ State the number of antinodes shown on the diagram.

—
—
[l

Compare:
i thephase

—
—
fla

ii the amplitude

—
—
[l

of the oscillations of points A and B on the string.

e Thefrequency of the vibratoris 150 Hz and the length of the string between the pulley and

the fixed end is 120 cm.
i Calculate the wavelength of the progressive wave on the string. 2

ii Calculate the speed of the progressive wave along the string.

[

N

f Adding more masses to the hook hanging from the string increases the speed of the
progressive wave along the string.

A small massis added and the stationary wave shown disappears.
i Explain why the stationary wave pattern shown disappears. 2]

ii State whether the frequency of the vibrator must be increased or decreased to form
the same stationary wave pattern on the string as shown in the diagram. Explain your
thinking. 2]
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2 Thisdiagram shows a demonstration of a stationary wave on a string:

vibrator

Avibrator is attached near one end of the string and the other end of the string is fixed. The
vibrator causes a progressive wave to travel along the string.

a Usethe principle of superposition to explain the formation of the stationary wave. 2]
The speed of the progressive wave is 24 m s and the vibrator has a frequency of 50 Hz.
i Calculate the wavelength of the progressive wave on the string. (1]
ii Calculate the distance between the nodes on the string. [1]

¢ When the frequency of the vibrator is doubled, the number of loops on the stationary
wave changes from three to six. State whether this change affects the speed of the
progressive wave along the string. Explain your thinking. 2]

3 a Describe the difference between a progressive wave and a stationary wave,
both on a string. [2]

b Explain what is meant by a displacement node and a displacement antinode
on a stationary wave. [2]

¢ Aloudspeakeris placed close to the open end of a long tube which is closed at the other
end, as shown. The length of the tube is 30 cm:

loudspeaker closed tube

1

1

| !
<1

1

1

30cm !
The frequency of the loudspeaker is altered slowly.

i Describe what you would expect to hear. Explain these observations. [3]

ii  Sound of wavelength 24 cm from the loudspeaker causes a loud sound. Describe the
position of the nodes and antinodes within the tube at this wavelength. 2]

iii The speed of sound in the tube is 320 m s=. Determine the lowest frequency
at which a loud sound is produced in the tube. [3]



Radioactivity

m describe a simple model for the nuclear atom and infer from the results of the o-particle scattering experiment the
existence and small size of the nucleus

m distinguish between nucleon number and proton number
understand that an element can exist in various isotopic forms, each with a different number of neutrons
represent nuclides with notation, and appreciate that nucleon number, proton number, and mass-energy are all
conserved in nuclear processes
show an understanding of the nature and properties of o, B*-, B~ and y-radiations
describe leptons including electrons and neutrinos, including how antineutrinos and (electron) neutrinos are
produced during - and B*-decay

m describe a simple quark model of hadrons, including protons and neutrons

m describe B~ and B*- decay in terms of a simple quark model and the weak interaction

_

alpha-particle: two protons and two neutrons (4 ., the nucleus of a helium atom 5He) emitted from a
nucleus during radioactive decay

beta-particle: an electron (B~-particle %e) or a positron (B*-particle ,Se) emitted from a nucleus. In
B=-decay, proton number increases by 1 (a f—-particle and an antineutrino are emitted). In B*-decay,
proton number decreases by 1 (a B*-particle and a neutrino are emitted)

gamma-radiation: a high frequency (and energy) photon emitted from a nucleus during radioactive
decay

isotopes: nuclei of the same element with different number of neutrons but the same number of
protons

fundamental particle: an elementary particle that is not made from other particles

antiparticle: a particle with the same mass and opposite charge as another particle, for example the
antiparticle of the electron is the positively charged electron, or positron

neutrino: a lepton released during beta-decay having no charge and very small mass
quark: the fundamental particles of which hadrons are made

hadron: any particle which is affected by the strong nuclear force, made from a quark and an
antiquark, three quarks or three antiquarks

lepton: a sub atomic particle that is not affected by the strong nuclear force, for example an electron,
positron and neutrino

weak interaction: the weak nuclear force, a fundamental force involved in radioactive B-decay

Equations: nucleon number = proton number + number of neutrons in a nucleus

In this exercise you will discover how we know that an atom has a small central,
positive nucleus. Remember the a-particle and the nucleus are both positive.

1 Thisdiagram shows three alpha-particles approaching a gold nucleus in a scattering
experiment:
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a-particle ] ——» gold nucleus

a-particle2 —— /
a-particle3 ——» ‘

Allthree alpha-particles have the same initial energy.

a Statewhich alpha-particle is deviated through the smallest angle. Explain why.

Copy the diagram and draw the paths of the three a.-particles as they approach and leave
the nucleus.

¢ Aforce acts on each alpha-particle as it approaches the gold nucleus. On your diagram add
an arrow to show the direction of this force at the point where a-particle 3 is closest to the
nucleus. Explain why it acts in the direction that you have shown.

2 Inanexperiment, alarge number of a-particles are fired at random towards a thin gold foil.
The particles pass through the foil. Some are deviated only a little and some are deviated
through large angles.

Compare the number of particles that deviate through small and large angles if:
a thegold nuclei are far apart from each other
b the gold nuclei are very close together.

Experiments show that most a-particles pass straight through the foil with only a small deviation.
¢ Explain what this shows about the amount of empty space in the atom.

3 Linkthe observation in the a-particle scattering experiment with the best explanation.

most oi-particles pass straight there are electrons outside the nucleus
through the gold foil electrons have a negative charge
most of an atom is empty space
some o-particles are deflected the mass of an atom is concentrated in a
small space
afew o-particles are deflected the nucleus is positively charged
by more than 90° the nucleus contains neutrons

4 |n ascattering experiment, a-particles are fired at a thin gold foil.

a State thedirection in which the maximum number of ai-particles will be detected after
hitting the foil.

b State what this observation suggests about the structure of an atom.

Some o-particles are scattered through more than 90°. State and explain what this suggests
about the structure of a gold atom.

Exercise 16.2 Particles in the atom and some
decay equations

This exercise give you practice completing decay equations making the proton number
(or charge) and nucleon numbers match on either side of the equation.

1 a Complete thistable to show the number of protons, the number of neutrons, the number of
electrons in a neutral atom, and the nuclide notations:




Cambridge International AS and A level Physics

Nuclide notation | Number of protons | Number of neutro Number of electrons
in a neutral atom

2
He 2 2

SCu 29

s8N 30
14N 7

0 7

b State the difference in structure between a neutral atom of 3He, a singly charged jon of 5He
and an a-particle.

¢ Thisdiagram represents three different nuclei:

@ neutron

O proton

State and explain which of the nuclei are isotopes of the same element. (Think about what
isotopes have in common with each other).

2 Statethree quantities that are conserved in a nuclear process. There are several quantities to
choose from - do not just say mass or energy.

3 Anisotope of phosphorus 32p decays by emitting a beta-minus-particle (3~ or %) and an
electron antineutrino (v) to form a Si nucleus.

a Copy and complete this equation:
P Si+fe+v
Note: v is an electron antineutrino; neutrinos have no proton or nucleon number.

b Inthe reaction, the total rest mass of the products is smaller than the mass of the 2P
nucleus. Explain why rest mass does not appear to be conserved.

¢ Give the nuclide notation of another isotope of phosphorus.

4 Calculate thevalues of p, g, rand s in each of these nuclear reactions:
a ZAm—INp+He
“C—IN+ Se+V
“Mg —iNa+Je+v
Notes:
"He is an o-particle, which you should know about.
SeisaP-particle and v is an electron antineutrino.

SeisaPt-particle and v is an electron neutrino.
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5 Anucleus of uranium 23U undergoes a series of nuclear decays, as shown by the arrows in this

diagram. Each circle represents a nucleus present during the decay series:

238 D
o
2 53 N D
€ YA
=}
c /
S 230 &
< e
(S}
> 226 "
=z /\/
2220/
8 87 8 8 90 91 92
Rn Fr Ra Ac Th Pa U
Proton number

a State the nuclide notation of the final nucleus in the series.
b Write out the decay equation for one example of a-decay in this series.
¢ Write out the decay equation for one example of B~-decay in this series.
d State how many B-particles and a-particles are emitted during the series.
e State the nuclide notation of two pairs of isotopes in this series.
f Anucleus emits a beta-plus-particle (3*). Describe the arrow that needs to be added to the

diagram for this decay.

6 Anatom of 28U decays progressively into “35Pb by emitting eight oi-particles and a number

of B~-particles. How many B~-particles are emitted?

Exercise 16.3 The nature and properties of
nuclear radiation

This exercise helps you understand that the nature of radiation is what it is made of;
its properties are what it can do. The properties involved in radioactivity are a result of
the nature of the particles.

1 Astudent lists some of the properties of a-particles, B~-particles, B*-particles and y-radiation.
Link the property to the correct radiation. One of the particles is linked to two properties.

has the most positive charge o-particle

passes through paper but not 2 cm lead B~-particle
is not affected by an electric field B*-particle
travels at the speed of light v-radiation
is an antiparticle of a common particle
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2 a Copyandcomplete this table to show the mass and charge of the four different types of
radiation.

Give values of charge in terms of e where e is 1.60 x 107 C.
The rest mass of a proton and a neutron are each 1.7 x 107" kg to two significant figures.

The rest mass of an electron is 9.1 x 107! kg,

a-particle ‘ B--particle ‘ Br-particle v-radiation

mass / kg

charge —le

b Thespeed of a typical B~-particle leaving a nucleus is 0.9 ¢, where cis the speed of light.

i Statethe speed of a f*-particle and the speed of a particle of y-radiation, each of which
has approximately the same energy as the B~-particle.

ii Calculate the speed of an a-particle which has approximately the same energy as the
[~-particle. Give your answer as a fraction of c.

3 Describe and explain what happens to a neutral atom as an a-particle passes near and causes
jonisation.

4 State which of the four types of radiation (o, B, B* or y):

produces the mostionisation per mm alongits path through air atoms
has the shortest range in air

102 is not affected by a magnetic field

is attracted by a negatively charged object

is deflected the opposite way to a-radiation by an electric field

has the highest speed

m -~ 0o o 0 T 9

are emitted with a range of speeds (note: consider those emissions that are emitted with a
neutrino or antineutrino from a nucleus)

h isthesame as a fundamental particle found in the atom
i isanelectromagnetic wave
j ismade up of protons and neutrons.

5 Explain why each type of radiation that you chose in question 4, parts a-g, has the property
described. (Think about why ionisation happens in parts a and b.)

6 A positron (B*-particle) is an antiparticle.

a State the name of the corresponding particle.
b State one property of an antiparticle that is the same for its corresponding particle.
¢ State one property of an antiparticle that is different for its corresponding particle.

7 Outline how you could use the absorption properties of nuclear radiation to show that a
radioactive source emits only y-radiation. Include one precaution you would take to reduce the
effect of random errors.
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Exercise 16.4 Fundamental particles including quarks

This exercise helps you to learn about some types of quark and where they are found in
the nucleus, and which particles are leptons and which particles are hadrons.

1 Copy thistable and add ticks to show if a particle is fundamental, whether itis a lepton or a
hadron, and if it contains quarks. There may be one or more ticks for each particle.

Particle Fundamental Lepton Hadron Contains quarks

neutron

proton

electron

neutrino

2 Leptonsinclude electrons and neutrinos. State two differences between electrons and
neutrinos.

3 Anup quarkiswritten as u, adown quark as d and a strange quark as s. The charge on an
electronise.

a State the quark structure of a neutron.
An up quark has a charge+§e. Use your answer to a to show that the charge on a down
quarkis—Le.

¢ State the quark structure of a proton.
Show that your choice of quarks in ¢ have a total charge of +e.

4 When a neutron decays it produces a B~-particle (an electron %e) and two other particles.

a State the name of the two other particles and complete this decay equation:

on— %e+ +

b State the name of the interaction that causes B~-decay.
State what happens to the quarks inside the neutron during the decay.

d State which of the particles in the decay equation in a are leptons and which are
antiparticles.

5 Onestepin the fusion process that takes place in the Sun involves the B*-decay of a proton (p)
into a neutron (n) and a neutrino (v).

The equation forthe stepis:p > n+fp*+v

a Show that charge is conserved in the equation shown.
b Show that nucleon numberis conserved in the equation shown.
¢ State what happens to the quarks inside the proton during B*-decay.

6 Aneutral carbon atom2C contains quarks, leptons and hadrons.

a State which particlesin the carbon atom are leptons and how many leptons in total are
found in one neutral atom of carbon.

b State which particlesin the carbon atom are hadrons and how many hadrons in total are
found in one neutral atom of carbon.

¢ State how many quarks there are in one neutral atom of carbon.
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7 a Anucleardecayiswritten in terms of the quarks in the nucleus as:

d—>u+ +

State the two particles that are not shown on the right-hand side.

b Anucleardecay is written in terms of the quarks in the nucleus as:

u—>d+ +

State the two particles that are not shown on the right-hand side.

8 Anuclear process that doesnot occurisv+p —n+f.

a Show that this process does not conserve charge.

b Show that the nuclear processv +p — n+ *conserves charge, proton number and
nucleon number.

9 Hadrons like the neutron and proton contain either three quarks or three antiquarks. They do
not contain a mixture of quarks and antiquarks.

a Usingonly up (u) and down (d) quarks and their antiparticles (G and d) write all the quark
combinations of three quarks or three antiquarks.

b Write all the combinations of quarks that contain one strange quark (s) with only up and
down quarks to make a combination of three quarks.

¢ Write all the combinations of three antiquarks that contain two strange antiquarks () with
an up or down antiquark.

m d Suggest a name for the hadron which contains two U quarks and one d quark.

Exam-style questions

1 Thistable shows some of the isotopes of aluminium and their type of nuclear decay:

Isotope 2Al Al 77Al 2Al Al

Type of decay [iM p* stable B- B-

a Describe the similarities and the differences in the structure of neutral atoms of

the isotopes. [3]
b Describe the structure of a nucleus of 2Z Al in terms of:

i thenumber of protons and neutrons it contains 2]
ii the number of up (u) and down (d) quarks it contains. 2]
¢ Describe what happens during beta-minus (87) decay using a quark model. 2]
State two quantities conserved in beta decay. [2]

By considering the difference between the isotopes in the table, suggest
why some isotopes emit B~-radiation and some emit B*-radiation. [2]
2 a Complete this table for the four types of radiation: [8]

Radiation | Nature Charge Penetrating ability in air | Affected by

magnetic fields

6cminair a little
B- —le
B* positron 2.0 m of air
Y
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i Aradioactive nucleus decays with the emission of an a.-particle and a y-particle
Describe the changes that occur in the proton number and the nucleon number
of the nucleus.

ii  Describe briefly, with the aid of a sketch diagram, an experiment to distinguish
between the -, B~-and y-radiation emitted from a radioactive source using
a magnetic field. Explain why the experiment is difficult to perform with
o-radiation and how the experiment shows that B=-particles are emitted
with a range of speeds.

About 100 years ago, experiments were performed by firing a-particles at gold foil.
A detector was used to see how many particles were scattered at different angles.
Summarise the results of these experiments and explain the conclusions that
were drawn.

3 Leptonsand hadrons are two classes of sub-atomic particles.

a

Some classes of particles are fundamental; others are not. State and explain whether
leptons and hadrons are fundamental or not fundamental.

Name the class of particles of which the neutron is a member.

Give two examples of a lepton.

In beta-minus (B~) decay, a nucleus of calcium (Ca) emits a B~-particle as shown in the
reaction:

2Ca—> Sc+p+v.
i State the name of the particle V..

ii  Explain, in terms of the neutrons and protons involved, how this change occurs.
iii Explain, in terms of the quarks involved, how this change occurs.

State the quark change that is responsible for beta-plus (3*) decay.

Name the interaction responsible for beta-decay.

N = W
N = @

= =N~ =
fl = IS IS =




Circular motion

use degrees and radians as measures of angle, including the expression of angular displacement in radians
explain uniform circular motion in terms of a centripetal force causing a centripetal acceleration

solve problems involving angular displacement and velocity, including use of the equation v=rw

solve problems involving centripetal force and acceleration, including use of the equationsa=rw? = VTZ and

F=mrw?= _mrvz

_

radian: a unit of angle such that 2r radians = 360°

angular displacement 6: the angle through which an object moves in a circle

angular velocity w: the rate at which the angular displacement changes

centripetal force: the resultant force acting on an object that is moving in a circle
angular displacement A0

Equations: angular velocity = - O
time At

speed=radius x angular velocity; v=re

2
centripetal acceleration=radius x (angularvelocity)z; a=r? =‘;—

2
: ) : mv
centripetal force=mass x centripetal acceleration; F = mre? = —

The radian is a more ‘natural’ unit of measurement of angles than the degree. Angles in
radians can be calculated knowing the length s of the arc subtended by the angle and
the radius r of the circle: 6:; This exercise provides practice in calculating angles in
radians and converting between degrees and radians.

1 Foreach diagram a-f, calculate the unknown quantity 6, s or r, from the other two:

1.50m

1.0 m
N <A A



TIP

If a question about
circular motion
seems unclear,
draw a diagram

of the circle and
anglesinvolved

to help your
understanding.

o

J
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0.48m @
ne
S
1.81rad
\V N ‘
d e f

When an object moves around a complete circle, its angular displacement is 2r radians or 360°.

a Show that oneradian is approximately equal to 57°.
Convert each of these angles in degrees to radians:
i 20°
i 75°
i 175°
¢ Convert each of the following angles in radians to degrees:
i 040rad
ii 1.35rad
iii 2.0rad.
d Expresseach of these angles as multiples of & radians:
i 180°
i 90°
iii 45°.

This diagram shows how an angle of one radian is defined - the arc subtended by the angle is
equal in length to the radius of the circle:

a Draw asimilar diagram to show the dimensions of an angle of 2.0 radians.
b Draw asimilar diagram to show the dimensions of an angleofgradians.

You may need to find the value of a trigonometric function (such as sine or cosine) of an angle
whose value is given in radians. Make sure that you know how to set your calculator to work with
angles in radians.

a Checkthatyour calculator shows that sin (1.0 rad) = 0.841.

b Calculate the values of the following, where all angles are given in radians; give your answers
to three significant figures:
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i cosl0
ii tan1.0
iii sin 0.10

vl
ol

Your calculator is likely to have a 1t key.

¢ Determine the following angles; give your answers in radians and to three significant figures:
i sin?0.50
ii cos™(-0.65).

Exercise 17.2 Uniform circular motion

An object that moves around a circular path at a steady speed is described as
having uniform circular motion. This is an exercise to develop understanding of the
relationships between velocity, angular velocity, period, angle and radius.

1 Afairground ride consists of several cars travelling around on a vertical wheel of radius
r=20.0 m. Each car makes one complete circuit in a time T=35s.

a Duringeach circuit, a car travels around 360°. This is its angular displacement 6. Give the

value of Bin radians.
b Calculate the car’s angular velocity .
¢ Calculate the distance travelled by the car during one circuit (= 2r).
d Calculate the car’s speed v using speed=d"ztﬂ.
Ime

e Calculate the car’s speed using v=rm. Check that your answers to d and e are the same.

2 Tworunners, A and B, are jogging side by side around a circular running track.

a RunnerAjogs along the centre of the track. Here, the radius of the track is 100.0 m. Calculate
the distance travelled in one complete circuit. (Give your answer to one decimal place.)

b Runner B jogs beside runner A, at a distance of 0.80 m further from the centre of the track.
How much further does B travel than A when completing a circuit?

¢ RunnerAruns at a steady speed of 5.0 m s™%. Determine the speed at which B must run in
order to stay beside runner A.

3 Atrain moves along a curved section of track at a steady speed of 18.0 m s™%.

a Thecurved section of track has a length of 900 m. Deduce how long it will take the train to
travel this distance.

b The radius of curvature of the track is 3.60 km. Calculate the angle through which the train

length of
has moved (its angular displacement). Remember: angle in radians:%

¢ Calculate the angular velocity of the train.

Draw a diagram to show the curved section of the track. Add arrows to show the velocity of
the train at the start of the section and at the end.
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17.3 Centripetal force and acceleration

An object moving in a circle must be acted on by a resultant force which is not zero.
In this exercise, you need to decide whether an object is acted on by a non-zero
resultant force. If it is, you can then calculate quantities such as angular velocity
and acceleration.

1 a Describe the motion of an object which is acted on by balanced forces (resultant force =0).

b Theresultant force acting on an object as it travels around in a circle can be described as a
centripetal force. State the direction of such a force.

2 Thisdiagram shows an object at several points around its path. It is moving with uniform
circular motion in a clockwise direction:

a Explain what the word uniform tells you about the object’s speed.
State whether the object’s velocity is constant. Explain your answer.

Copy the diagram and add an arrow (labelled v) to each image of the object to represent its
velocity. Add a second arrow (labelled F) to represent the centripetal force acting on it.

3 Thisdiagram shows a rubber bung being moved around in a circle on the end of a length
of string:

/\\A
“ter

ension
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The bung travels around eight complete circuits in 10 s. The radius r of its path is 40.0 cm.

a State the name of the force that provides the centripetal force which causes the bung to
travelin acircle.

b Calculate the speed v of the bung.
¢ Usethe equation a:rl2 to calculate the bung’s centripetal acceleration.

Draw a diagram of the bung and add arrows to show the directions of its velocity and its
acceleration.

e State the other quantity you would need to know in order to determine the centripetal force
acting on the bung.

f Describe how the bung will move if the girl releases the string.

4 TheEarthis keptin its orbit by the gravitational pull of the Sun:

LemTTTITTT --.. velocity

. N
. ~

. N
. N

/ Earth

. v
i [

gravitational \
Sun ) pull of Sun

110 |

a State how long it takes the Earth to orbit the Sun. Give your answer in seconds.
Calculate the Earth’s angular velocity @ around the Sun.

The radius of the Earth’s orbit is 150 x 10° km. Use the equation a =ra’ to calculate the
Earth’s centripetal acceleration.

d The gravitational acceleration of an object near the Earth’s surface is 9.8 m s?. How many
times greater is this than your answer to part ¢?

5 Acaristravellingat28 m s™ along a curved section of road. The radius of curvature of the road
is300 m.

a Calculate the car’s centripetal acceleration.
b The carhasamassof 1200 kg. Calculate the centripetal force acting on the car.
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The road surface is banked at an angle 6 (that is, it slopes across the direction of travel)
so that the car can travel around the bend without slipping. This diagram shows the forces
acting on the car: its weight mg and the contact force of the road N

N vertical

I component
|

-0

|

- -
horizontal

ymg component

¢ What force provides the car’s centripetal acceleration? State its direction. (Any force that has
a component at right angles to an object’s velocity will provide a centripetal acceleration.)
d Thebest angle of banking is given by this equation:
2
tanf="
g
Find the value of 6for vehicles travelling at 28 m s™.

6 This diagram shows a rubber bung on the end of a length of string:

The bungis being swung around in a horizontal circle. The string makes an angle of 60° with
the vertical.

a Two forces act on the bung. Name these forces and draw a free body diagram to show their
directions.

b The mass of the bungis 150 g. Calculate its weight.

The weight of the bung is balanced by the vertical component of the tension in the string.
Use this fact to calculate the tension in the string.

d The centripetal force acting on the bung is provided by the horizontal component of the
tension. Calculate the value of this horizontal component.

e Calculate the bung’s acceleration.
The radius of the bung’s path is 60 cm. Calculate its speed.
g Calculate the time taken for one complete revolution of the bung.
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1 a Explain whatis meant by the term angular velocity. 2]

b Amerry-go-round in a children’s park completes 10 revolutions in one minute.
Calculate its angular velocity. 2]

¢ Achildsitting on the edge of the merry-go-round is at a distance of 1.20 m from the
centre. Calculate the child’s centripetal acceleration. [2]

d The child moves closer to the centre of the ride. State whether each of these quantities
increases, decreases or stays the same:

i angularvelocity
ii centripetal acceleration
i centripetal force. (3]

2 Aracing cyclist is practising by cycling around a flat, circular track. The track has a radius of
50.0 m.

a Thecyclist travels half way around the track. Show that his angular displacement is
nradians. 2]

b The electronic timing system indicates that the cyclist took 11.51 s to complete this ride.
Calculate his angular velocity and his speed. [3]

¢ Thecyclist, together with his bicycle, has a mass of 94.2 kg. Calculate the centripetal force
acting on the cyclist. (2]

d The centripetal force is provided by the frictional force of the track on the bicycle’s
tyres. Describe how the cyclist will move if there is insufficient friction to keep

e him on course as he travels around the track. [2]



Gravitational fields

understand the concept of a gravitational field and define gravitational field strength and gravitational potential
recall how, in gravitational problems, the mass of a uniform sphere may be considered to be a point mass at its centre
derive a formula for the gravitational field strength of a point mass

solve problems involving gravitational field strength and potential

recall and use Newton’s law of gravitation to solve problems

analyse circular orbits in an inverse square law field, including geostationary orbits

appreciate that on the surface of the Earth, g is approximately constant

_

gravitational field: a region where an object feels a force because of its mass

gravitational field strength: the gravitational force exerted per unit mass on a small object placed
ata point

gravitational potential: the work done per unit mass in bringing a mass from infinity to a point

Newton’s law of gravitation: any two point masses attract each other with a force that is directly
proportional to the product of their mass and inversely proportional to the square of their separation

. o ) ravitational force F
Equations: gravitational field strength=g—; ==
mass m

o . workdone w

gravitational potential= ———; ¢=—

mass m

o Gmm
Newton's law of gravitation: F=——-2
p
) : : mv?
centripetal force=massx centripetal acceleration; F=mrm? =
p

Isaac Newton discovered the law that describes the gravitational pull of one object on
another. This exercise provides practice in drawing and interpreting field diagrams,
and using the equation for gravitational force.

1 Thisdiagram shows how we can represent the gravitational field of the Earth:

field
lines
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a Explain why the arrows on the field lines are all directed into the Earth.
b Atwhat point would all the field lines meet?

The building you are sitting in is on the surface of the Earth. Here, the Earth’s gravitational field
is described as uniform.

¢ Draw adiagram to show gravitational field lines in the area around you.
State how the field lines you have drawn show that the field is uniform.

e Lookback at the diagram. Explain how this shows that the Earth’s gravitational field is not
uniform on this scale.

2 Thisdiagram shows two objects, A and B. The mass of A is greater than the mass of B. Aand B
attract each other with a gravitational force. These forces are shown as F, and £

A—~F1 F, B
O~ -0

a What can you say about the directions of forces F, and F,?

b What can you say about the magnitudes of forces f; and F,?

¢ AandBareinitially stationary. The gravitational forces cause them to accelerate towards
each other. Which object will have the greater acceleration? Explain your answer. (You will
need to think about the masses of the objects.)

Gm,m,
fZ

3 Newton’s law of gravitation is represented by the equation F =
constant.

,where G is the gravitational

114
a Rearrange the equation to make G its subject.

b Show that the units of G are N m? kg2

4 Thisdiagram shows an object of mass M on the surface of the Earth:

a Copy the diagram and add an arrow to show the direction of the Earth’s gravitational
force Fon the object.

b Theobjectis attracted to all points within the Earth. Which region of the Earth causes the
strongest gravitational pull on the object? Label this region A. Explain your answer.

¢ Which region of the Earth causes the weakest gravitational pull on the object? Label this
region B. Explain your answer.

d We can consider the Earth’s gravitational pull as if all of its mass were concentrated at one
point, its centre of gravity. Label this point C. Explain your answer.

5 Thevalue of the gravitational constantis G=6.67 x 10 N m? kg2

a UseNewton’s law to calculate the gravitational force of the Earth on a mass of 6.0 kg placed
on its surface (mass of Earth = 6.0 x 10% kg; radius of Earth = 6400 km).

b Calculate the gravitational force of the Sun on the Earth (mass of Sun =2.0 x 10* kg; radius
of Earth’s orbit around Sun =150 x 10° km).
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Exercise 18.2 Gravitational field strength

The idea of gravitational field strength g is familiar because we use the quantity g to
calculate the weight I/ of an object of mass m, using W= mg. On the Earth’s surface,
g=9.8 N kg approximately. This is an exercise in calculating and using gravitational
field strength for different objects in the solar system.

1 Becausethe Earthis not a perfect sphere, the value of g varies from 9.78 N kg™ at the Equator
t09.83 N kg at the poles.

An object of mass 20.0 kg is transported from the Equator to the North Pole.

a Calculate the weight of an object of mass 20.0 kg at a point where the Earth’s gravitational
field strength g=9.80 N kg™.

b Calculate the amount by which the object’s weight increases.
Explain how g will change if you climb to the top of a high mountain.

Remember that the gravitational force of one object on another depends on the distance
between their centres of mass.

2 The gravitational force of one mass on another is given by Newton’s law, equation F=Gm—‘zmz.
r

The definition of gravitational field strength g says that its value is the force acting per unit mass
acting near a body of mass m.

a Show that this leads to the equation for the gravitational field strength at a distance rfrom a

point mass M: g= o

2’
b Calculate the gravitational field strength at the Earth’s surface. Give your answer to two
significant figures (mass of Earth =6.0 x 10% kg; radius of Earth =6400 km); gravitational
constant G=6.67x 107 N -m? kg?).

3 The Moon has a mass of 7.4 x 10% kg and its mean radius is 1.74 x 10° m.

a Calculate the gravitational force on a mass of exactly 1 kg on the surface of the Moon
(gravitational constant G=6.67 X 107! N m? kg™).

b State the value of the gravitational field strength on the surface of the Moon.
Calculate the weight of an object of mass 20.0 kg on the surface of the Moon.

Imagine that you dropped an object close to the surface of the Moon. Determine the object’s
acceleration.

Charon: mass m¢=1.50 X 102t kg

4 Thedwarf planet Pluto is orbited by its moon Charon, as shown:
joint centre
of mass C

I

Pluto: mass mp=1.27 X 10?2kg

>

2070 km:

19600 km
They orbit around their joint centre of mass C.
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a Calculate the gravitational field strength at C due to Pluto. Give its direction (gravitational
constant G=6.67 x 107 N m? kg?).

b Calculate the gravitational field strength at C due to Charon. Give its direction.
What is the gravitational force on an object of mass 1.0 kg placed at C? Explain your answer.

Think about the definition of field strength and remember that it is a vector quantity.

Exercise 18.3 Gravitational potential

The gravitational potential at a point is defined in terms of the work done in bringing
unit mass from infinity to the point. You can think of it as the gravitational potential
energy per unit mass, but remember that its value is zero at infinity and less than
zero everywhere else. This is an exercise in understanding and using the equation for
calculating gravitational potential.

1 Atpoint P, the gravitational potential §=—-60 J kg™
Thinking about the definition of ¢

State the gravitational potential energy of a mass of 1.0 kg at point P.

a
b Calculate the gravitational potential energy of a mass of 50.0 kg at point P.
¢ State the work done in moving a mass of 50.0 kg from infinity to point P.

d

State the work done in moving a mass of 50.0 kg from point P to infinity.

At point Q, the gravitational potential ¢=—-40 J kg™.

e Which pointis at a higher potential, P or Q?
f Calculate the work done in moving a mass of 50.0 kg from point P to point Q.

2 You will need this data for this question:
gravitational constant G=6.67 x 107* N m? kg
Earth: mass=6.0 x 10% kg; radius =6.4 x 10°m

Moon: mass = 7.4 x 10?2 kg; mean radius = 1.74 x 10° m

The gravitational potential ¢ in the field of a point mass is given by ¢ = _%

State the meaning of each of the symbols G, M and r.
Use the equation for ¢ to calculate the gravitational potential on the surface of the Earth.
Calculate the gravitational potential ¢ on the surface of the Moon.

Q 0 T o

An astronaut of mass 120 kg stands on the surface of the Moon. Calculate his

gravitational energy.

e Asecond astronautisin a spacecraft orbiting above the Moon’s surface. Which astronaut is
at the higher gravitational potential?

Remember that, although the gravitational potential near a mass is always negative, it increases
with distance from the mass - it becomes less negative.
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3 When an object of mass mis raised through a height h, its increase in gravitational
energy = mgh.

You should be familiar with this equation, but note that it only applies close to the Earth’s

surface where g is roughly constant. In this question, you can check that you get the same

answer using this equation as using the more general relationship ¢ =— g

a Anobject of mass 1.0 kg is placed on the Earth’s surface. It is now at a distance of 6.40 x 10° m
from the centre of the Earth. Calculate its gravitational energy. Give your answer to eight
significant figures. (You will need to use an electronic calculator.)

b Theobjectis now lifted a distance of 100 m vertically upwards. Its distance from the Earth’s

centre of mass is now 6.400 100 x 10° m. Using the equation ¢=— GTM calculate the new value
of its gravitational potential energy.

¢ Calculate the increase in its gravitational potential energy.
Calculate the same quantity using the equation:

change in gravitational potential energy = mgh

Do you get the same answer as you did for part ¢?

Exercise 18.4 Orbiting under gravity

Gravity is the most important force for astronomical objects such as the planets and
moons of the Solar System. It also holds satellites in their orbits around the Earth.
This is an exercise that considers spacecraft and satellites in different types of orbits
around the Earth.

1 Thisdiagram shows three spacecraft that share a circular orbit around the Earth. Each
spacecraft has a mass of 450 kg:
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a Copythediagram and add a force arrow to each spacecraft to show the force of the Earth’s
gravitational pull on it.

b Each spacecraft orbits at a distance of 2600 km above the Earth’s surface. Calculate
the distance of each spacecraft from the centre of the Earth and the gravitational force
on it (gravitational constant G=6.67 x 10 N m? kg?; Earth: mass = 6.0 x 10* kg;
radius =6.4 x 10° m).
Remember to always calculate a spacecraft’s distance from the centre of the Earth, not its
distance above the Earth’s surface.

¢ Aspacecraft must travel at the correct speed if it is to stay in its orbit. Calculate this speed for
mv?

the spacecraft, using the circular motion equation F=—

d Calculate the time for one of the spacecraft to complete a single orbit of the Earth. Give your
answer in minutes.

2 Thisdiagram shows a spacecraft in an elliptical orbit around the Earth. Its distance from the
Earth varies as it travels around its orbit:
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Include reasons with your answers to these questions:

a Four points P=S are marked on the orbit. State the point at which the spacecraft is furthest
from the Earth.

b State the point at which the Earth’s gravitational pull on the spacecraft is weakest.
¢ State the point at which the spacecraft’s gravitational energy is greatest.

The spacecraft’s total energy (KE + PE) is constant. State the point at which the spacecraft
will be moving most slowly.
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3 Ageostationary spacecraft orbits a planet once each day. It appears to remain at a fixed pointin
the sky, above the planet’s equator.

a Determine the period of orbit of a geostationary spacecraft around the Earth. Give your
answer in seconds.

A geostationary spacecraft could be placed in orbit around the planet Mars in order to maintain
communication with a lander on the planet’s surface. The period T of such a spacecraft would
be given by the equation:

72= (2—7;}3

b State which quantities are represented by the symbols M and .

¢ Calculate the radius of orbit for a geostationary planet orbiting Mars. Use a reference book or
the internet to supply the necessary data.

Exam-style questions
Note: gravitational constant G=6.67 X 107** N m? kg2,
Earth: mass =6.0 x 10% kg; radius =6.4 x 10° m.

1 a Explain whatis meant by the term gravitational field strength. 2]

b Aspacecraft of mass of 220 kg lands on the surface of Mars. An on-board sensor
determines its weight to be 836 N. Calculate the gravitational field strength on the
surface of Mars. 2]

¢ Measurements from Earth show that the diameter of Mars is 6.75 X 10° m.

Determine the planet’s mass. 3]

d The gravitational field on the surface of Mars is described as uniform.
Explain what this means. [2]
2 a Explain whatis meant by the term gravitational potential. 2]

A spy spacecraft orbits the Earth in a circular orbit, 500 km above the planet’s surface.

b Calculate the gravitational potential at this height. [3]

¢ State the amount of energy per kilogram that would be required to move
the spacecraft entirely out of the Earth’s gravitational field.

—
—
[l

d Calculate the speed of the spacecraft in its orbit.

N

Calculate the time taken for the spacecraft to complete one orbit around the Earth.

N



Oscillations

describe oscillations using appropriate terminology
express the period of oscillation in terms of both frequency and angular frequency
analyse graphical representations of simple harmonic motion including changes in displacement, velocity,
acceleration and the interchange between kinetic and potential energy
recall and use the equations of simple harmonic motion, including those for displacement, velocity and acceleration
describe the effects of damping, including the importance of critical damping

m describe forced oscillations and resonance, including examples of resonance that are useful or that should be avoided

_

simple harmonic motion: motion of an oscillator in which its acceleration is directly proportional to
its displacement from its equilibrium position and is directed towards that position

frequency: the number of oscillations per second
period: the time for one oscillation

amplitude: the maximum displacement of an oscillating mass

1
Equations: frequency=———; f=—
120 period T

defining s.h.m.: acceleration o< — displacement; a = —a’x

sinusoidal displacement in s.h.m.: x =X, sin 27t or x=x, sin wt

maximum velocity = amplitude x angular frequency v, = wx,

There are many types of oscillation, but they can all be described in terms of basic
quantities: amplitude, frequency and period. This exercise provides practice in using
these key terms and calculating these quantities.

1 The frequency is the number of oscillations per second; the period is the number of seconds per

oscillation.

a Statethe Sl units of frequency and period. Give their names and symbols.

b State how the units of frequency and period are related.

¢ Write down an equation relating frequency fand period T.

d Amassonthe end of aspring oscillates up and down with a period of 0.40 s. Calculate its
frequency.

e Apendulum completes 40 swings in one minute. Calculate its period and frequency.

f Aloudspeaker can oscillate with frequencies between 20 Hz and 20 kHz. Determine the

corresponding periods of oscillation.

g Ifthefrequency of an oscillation increases, state whether its period increases, decreases or
stays the same.
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2 This graph represents the oscillations of a simple pendulum:

20

10

s/cm
o

—10-

_20 —

State the quantity shown on the y-axis.
State the amplitude of the oscillation.

State the quantity shown on the x-axis.
State the period of the oscillation.
Determine the frequency of the oscillation.

- 0o O 0N T 9

Explain the meaning of the term simple pendulum.

3 Amasssuspended from a spring oscillates up and down.

e Thehighest pointin the oscillation is 0.20 m above the lowest point.
e Themasscompletes 250 oscillations in 30 s.

State the amplitude of the oscillation. Give your answer in cm.
Calculate the period of the oscillation. Give your answer in ms.
Determine the frequency of the oscillation.

o 0 T o

Draw a graph to represent the oscillation. Your graph should show 1.5 complete oscillations.

4 Two massesAand B are oscillating with the same frequency, but there is a phase difference
between them. This graph represents their motion:

A

Displacement
o
los]
_|
5/
[0) Y
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a Determine the displacement of B when A has maximum displacement.
b Determine the displacement of A when B has maximum displacement.

¢ Thegraphsstart attime t = 0. State which oscillation is first to reach its maximum after this
time.

d Thereis a phase difference between A and B. Calculate the fraction of a complete oscillation
that this phase difference represents.

e Expressthe phase difference in radians (one oscillation = 2m rad).
f Expressthe phase difference in degrees (one oscillation =360°).

Exercise 19.2 Graphical representations

In Exercise 13.1 you drew and interpreted displacement-time graphs. We can draw
similar graphs to represent how the velocity and acceleration of an oscillating mass
change with time.

1 State, in words, the mathematical relationship between velocity and displacement.
Describe how you could find velocity from a displacement-time graph.
Write the mathematical relationship between acceleration and velocity.

Describe how you could find acceleration from a velocity-time graph.

™ O 0 T o

In considering the motion of an oscillating mass, we talk about displacement and velocity.
Explain why it would be wrong to consider distance and speed.

2 This graphis a displacement-time graph for an oscillating mass:
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State two times at which the mass has maximum positive displacement.
What is the mass’s velocity at these times? Explain how you can deduce this from the graph.

State one time at which the mass has maximum negative displacement. State the velocity at
this time.

d State two times at which the mass has maximum positive velocity. Explain how you can
deduce this from the graph.

e State two times at which the mass has maximum negative velocity.

f Draw two sets of graph axes, one above the other. On the upper set of axes, sketch the
displacement-time graph shown above. On the lower set of axes, sketch the corresponding
velocity-time graph using the information you have deduced above. (There is no need to
include numbers on either set of axes.)
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3 Thisvelocity-time graph represents the motion of an oscillating mass:

Velocity / cm s—1

a Fromthe graph, deduce the period and frequency of the oscillations.

State three times at which the acceleration of the mass is zero. Explain how you can deduce
this from the graph.

¢ Theacceleration of the mass has its greatest positive values when time t=12 s. At what time
does the acceleration have its maximum negative value?

d You can estimate the maximum acceleration as follows: lay a ruler on the graph so that it lies
along the steepest slope of the graph (at t=12s). Note the points where it crosses the top
and bottom of the grid. Use these values to deduce the maximum acceleration.

e You can also estimate the amplitude of the oscillation. This is equal to half of the area under
the first ‘bump’ of the graph (between t=0sand t=6s). Each large square on the graph
represents 1 cm. Use this idea to estimate the amplitude.

f Draw two sets of graph axes, one above the other. On the upper set of axes, sketch the
velocity-time graph shown above. On the lower set of axes, sketch the corresponding
acceleration-time graph using the information you have deduced above. Your sketch graphs
should indicate maximum and minimum values of the quantities on the y-axes.

Exercise 19.3 Equations of s.h.m.

Simple harmonic motion (s.h.m.) is the term used to describe a very specific type of
oscillation. The graphs of displacement, velocity and acceleration against time are all
sinusoidal. This is an exercise about representing s.h.m. using diagrams, graphs and
equations.

1 Thisdiagram shows a mass fixed between two springs:

stretched spring compressed spring
stores energy stores energy
m

When released, it will oscillate back and forth. Its equilibrium position is half way between the
two fixed ends.
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a Copythediagram and mark the equilibrium position of the mass.
b Add an arrow labelled x to show the displacement of the mass.
¢ Addan arrow labelled F to show the restoring force acting on the mass.

2 Simple harmonic motion is defined as ‘the motion of an oscillator in which its acceleration is
directly proportional to its displacement from its equilibrium position and is directed towards
that position’. It can also be defined simply by the equation a =—a?x.

a Inthisequation, mis the angular frequency of the oscillation. State the quantities
represented by a and x. Give their names and standard Sl units.

b Theangularfrequency wis related to the frequency f. Write down the equation that relates
them.

¢ Thedefinition of s.h.m. states that acceleration is directly proportional to displacement.
What is the constant of proportionality in the equation?

d Explain why there is a minus sign in the equation.

e Foramassundergoings.h.m. the acceleration-displacement graph is a straight line. Sketch
such a graph. Indicate the maximum positive and negative displacements of the mass (£x).

3 Thedisplacement of an oscillating mass can be represented by an equation of the form
X=X,sin @t, where x, is the amplitude of the motion. This can also be written as x =x,sin 2mft.

By comparing a specific equation to this ‘standard equation’, you can deduce a great deal of
information about the motion of an oscillating mass.

The displacement (in mm) of an oscillating mass is given x = 25 sin 40mnt.

It may help you to write down this equation with the ‘standard equation’ below it, for ease of

124 .
comparison.

State the amplitude of the oscillation.
Show that the frequency f=20 Hz.
Calculate the period of the oscillation.
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The maximum velocity of the moving mass is given by v, = @x,. Calculate this quantity.
State its units.

e Calculate the maximum acceleration of the mass. (You can find the maximum acceleration
using the equation that defines s.h.m.)

4 This graph shows how the velocity of a mass varied as it executed s.h.m:

0.4 -
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=
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a From the graph, deduce information so that you can write an equation for this motion in the
form v=v,cos wt.

b State the units of vand tin this equation.
State the displacement of the mass when t=0.

Deduce an equation for the displacement x of the mass as a function of time. (Think
carefully: will the displacement vary as a sine or cosine function?)

e Statetheunit of xin this equation.
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Exercise 19.4 Energy and dampingins.h.m.

As a mass oscillates, there is a constant interchange of energy between kinetic and
potential (stored) forms. Damping introduces an extra force that removes energy from
the system. This exercise explores damping and resonance.

1 This picture shows how a simple pendulum can be set in motion:

a Thestudent does work against gravity in pulling the mass to one side. State the form of
energy that the mass now has.

b Describe how you could calculate the energy stored by the mass in this position. Include a
diagram in your answer.

¢ Thestudent releases the mass. State the point at which the mass is moving fastest.
Describe how you could calculate the speed of the mass from your answer to part b.

Astudent suggests that an object with a greater mass will swing faster because it has
more energy.

e Isthestudent correct that a greater mass will have greater energy? Explain your answer.

f Isthestudent correct that a greater mass will move faster? Explain your answer.

2 A massis fixed between two springs so that it can oscillate horizontally (as shown in Exercise
19.3, question 1).

stretched spring compressed spring
stores energy stores energy
m

a Name the form of energy stored by a stretched or compressed spring.
State the equation you would use to calculate the energy stored in a stretched spring.
Explain any symbols used in the equation.

¢ Explain how you would use this equation to calculate the maximum velocity of a mass
executing s.h.m. between two springs.

d The period T of a simple pendulum does not depend on the mass that is oscillating. How will
the period of oscillation of a mass-spring system change if the mass is increased? Explain
your answer.
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3 Asimple pendulum can be made by attaching a polystyrene (Styrofoam) ball to a length of
thread. As the pendulum swings, air resistance causes the amplitude of the oscillations to
decrease. This is an example of damping.

This diagram shows how the pendulum swings:

a Copy the diagram and mark the point where the ball will be moving most quickly. Label this
point X.

b AtpointX, add an arrow to show the direction of the ball’s velocity. Label this arrow v.
At point X, add a second arrow to show the direction of the force of air resistance on the ball.
Label this arrow F.

d Sketch a displacement-time graph to show the pattern of the ball’s oscillations. Your graph
should show the amplitude of oscillation decreasing significantly in the time of about five
oscillations.

e Sketch an amplitude-time graph to show how the amplitude decreases towards zero over a
longer period of time.

f Imagine that you could gradually increase the density of the airin which the pendulum is
swinging. This will increase the damping of the oscillations. How would this affect the rate at
which the amplitude of the oscillations would decrease to zero?

g Eventually, the pendulum would be critically damped. Explain how you would recognise this
condition.

4 Thisdiagram shows two identical masses hanging from strings of equal lengths. The upper ends
of the strings are tied to a horizontal string:

Q Q

At the start of the experiment, one mass is pulled forwards and released so that it swings back
and forth. As time passes, its oscillations become smaller but the second mass starts to swing.
After a while, the first mass stops swinging while the second mass has its maximum amplitude.
Then the process goes into reverse and the second mass gradually slows down while the first
mass starts to swing again.

a What canyou say about the natural frequencies of oscillation of the two pendulums?

b Thesecond massis forced to oscillate by the motion of the first one. Name this
phenomenon.
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¢ lItissurprising to see one pendulum come to a halt while the other starts moving. Explain
whether energy is conserved in this experiment.

d |Ifthe second pendulum were 20% longer it would not swing with such great amplitude.
Explain why.

Exam-style questions

1 This graph represents the displacement of an oscillating mass:
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Deduce the period and frequency of the oscillations.

N

Write an equation to represent the oscillations of the form x = x,sin @t.

N

Deduce the maximum velocity of the mass.

o 0 T 9

The oscillating object has a mass of 17 kg. Calculate the maximum restoring force acting
on the mass as it oscillates. [3]

2 Oneendofalongrulerisclamped to a bench. A large mass is attached to the other end. The
mass is pushed downwards and released. It oscillates up and down, executing simple harmonic
motion about its equilibrium position.
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a Explain what is meant by simple harmonic motion. 2]
b Describe how you would find the equilibrium position of the mass. 2]

An accelerometer is attached to the mass. This measures and records its acceleration.

¢ Sketch a graph to show how you would expect the mass’s acceleration to vary with time,
starting with the mass in its position of maximum negative displacement. [3]

This graph shows how the acceleration of the mass depends on its displacement:
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d Explain why the graph has a negative gradient. [1]
e From the graph, deduce the value of the amplitude of the oscillations. (1]
f Deduce the angular frequency of the oscillations. 2]
g Calculate the period of the oscillations. [2]



Communication systems

m appreciate that information may be carried by a number of different channels and discuss the relative advantages
and disadvantages of: wire-pairs, coaxial cables, radio and microwave links, optic fibres, recalling the frequencies and
wavelengths used

m understand the terms modulation and bandwidth, and be able to distinguish between amplitude modulation and
frequency modulation and state the advantages of each

recall the meanings of the terms carrier wave and sideband frequencies
understand that the digital transmission of data involves analogue-to-digital conversion (ADC) and digital-to-analogue
conversion (DAC), and suggest the advantages of transmission of data in digital form

m fordigital signals, understand the effects of the sampling rate and the number of bits in each sample recall the relative
merits of both geostationary and polar orbiting satellites

m understand and use signal attenuation expressed in dB and dB per unit length

m recall and use the expression number of dB=10 lg(%) for the ratio of two powers
2

_

bandwidth: the difference between the highest-frequency signal and the lowest-frequency signal of a
range of frequencies being transmitted

amplitude modulation (AM): the process of using one waveform to alter the amplitude of another
waveform

frequency modulation (FM): the process of using one waveform to alter the frequency of another
waveform

sampling: the process of taking the value of a continuous signal at regular intervals
bit: a basic unit of information storage stored as a binary digit 0 or 1
attenuation: the gradual loss in strength or intensity of a signal

sideband: a band of frequencies higher than or lower than the carrier frequency, produced as a result
of the modulation process

carrier wave: a waveform (usually sinusoidal) that is modulated by an input signal to carry
information
(7)

Equations: dB=10 lngJ
2

bandwidth of AM signal = 2 x highest frequency in signal

This exercise helps you understand the difference between amplitude modulation (AM)
and frequency modulation (FM), and know the meaning of the technical terms used to
describe them.

1 a Draw asketch graph of an amplitude modulated (AM) signal.
b Explain how the carrier wave and the signal are used to form the AM wave.
¢ State whether amplitude or frequency is constant for the AM signal.
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2 a Draw asketch graph of a frequency modulated (FM) signal.
b Explain how the carrier wave and the signal are used to form the FM wave.
¢ State whether amplitude or frequency is constant for the FM signal.

3 State two advantages for each of:

a FM transmissions when compared with AM transmissions
b AM transmissions when compared with FM transmissions.

4 An AM waveform is composed of a carrier wave of frequency 50 kHz modulated by a sine wave
of frequency 5.0 kHz.

).

a Calculate the time period of the carrier wave. (Rememberfz%
b Calculate the time period of the sine wave.

The modulated wave has a frequency spectrum which contains two sidebands.

¢ Sketch the frequency spectrum of the AM waveform.

The y-axis of your graph should be labelled ‘power’” and the x-axis should be labelled ‘frequency’.
Mark values of frequency on the x-axis.

d State whatis meant by a sideband.

e Statethevalues of the sideband frequencies in the frequency spectrum.
f Calculate the bandwidth of the signal.

130 5 AnAM radio wave is used to broadcast music with frequencies between 25 Hz and 4300 Hz. The

radio station uses a waveband with frequencies between 3.0 x 10* and 3.0 x 10° Hz.

a Determine the bandwidth of the broadcast.
b Determine the maximum possible number of similar radio stations in the same waveband.

6 Asinusoidal carrier wave has frequency 800 kHz and amplitude 6.0 V.
The carrier wave is frequency modulated by a signal wave of amplitude 1.5V.

The frequency deviation is 40 kHz V1. This means that a signal of 1.0 V causes a change in
frequency of 40 kHz in the modulated wave.

Determine the amplitude of the modulated wave.
Determine the maximum frequency of the modulated wave.
Determine the minimum frequency of the modulated wave.
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The signal wave causes the frequency of the modulated wave to change from the maximum
to the minimum and then back to the maximum frequency 20 times a second. State the
frequency of the signal wave.

7 Asinusoidal carrier wave has frequency 800 kHz and amplitude 6.0 V.

The carrier wave is amplitude modulated by a signal wave of frequency 5.0 kHz and amplitude
1.0V. Asignal of 1.0V causes a change in amplitude of 0.5V in the modulated wave.

Determine the maximum amplitude of the modulated wave.
Determine the minimum amplitude of the modulated wave.
State the frequency of the modulated wave.

o N T o

State the number of times per second that the modulated wave goes from maximum to
minimum amplitude.
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Exercise 20.2 Analogue and digital signals

This exercise give you practice converting between digital and analogue signals, and
understanding how electronics enables these conversions.

1 Explain what is meant by a bit.
Convert the decimal number 11 into a 4-bit digital number.
Convert the digital number 0011 into a decimal number.

In the digital number 0011, state which is the most significant bit.

D O 0 T 9

Determine the smallest number of bits needed to convert the number 17 into a digital
number.

2 Torecord one channel of audio on a DVD, a signal is sampled at a frequency of 48 kHz, and each
sample is a 24-bit number.

a Explain what it means to sample a signal.
Calculate the total number of bits stored on a DVD if its playing time is 30 minutes.

Explain why the sampling frequency is more than twice the maximum frequency in the
signal.

3 Thisdiagram shows apparatus used to demonstrate the transmission of an analogue signal
using digital technology:

parallel connection
of four wires each
carrying 1 bit

S 4-bit 4-bit
i ADC DAC

As the slider S moves up and down, voltmeter V, shows an analogue signal.

a Explain whatis meant by an analogue signal.
b Draw a possible variation with time of the analogue signal at voltmeter V.

The analogue signal is connected to a 4-bit analogue-to-digital converter (ADC).

¢ Draw a possible variation of the output of the ADC with time.
d State whatis meant by a DAC.

The ADC samples the analogue signal five times a second and converts the signal into a 4-bit
number, such as 1001.

e Explain why the reading on voltmeter V, has only 16 different values (which includes 0).

f Sismoved very fast up and down. Explain why the voltmeter V, does not respond to all the
changes.

g Suggest two changes to the ADC and DAC that will increase the number of different values on
voltmeter V, and allow it to respond to fast changes in the signal.

h To have only one wire connecting the ADC and DAC, a parallel-to-serial converter is used
at one end of the wire and a serial-to-parallel converter at the other. Describe what these
converters do.
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4 Noise affects both analogue and digital signals. Amplifiers have to be used at regular distances

for long-distance transmission of data.

a State whatis meant by noise.

b Aregenerator amplifier only recognises highs and lows in a signal. Explain why this removes
small amounts of noise in a digital signal.

¢ Explain how less noise means that it is cheaper to transmit data over long distances.

Exercise 20.3 Channels of communication

This exercise helps develop your understanding of the different ways and frequencies
in which data is sent from place to place.

1

132

There are many satellites orbiting Earth that are used for communications.

Draw the orbits of a polar-orbiting satellite and a geostationary satellite around the Earth.
State one other use made for a polar-orbiting satellite.
State the time taken for a geostationary satellite to make one orbit.
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Explain why a satellite dish on Earth in line-of-sight with a geostationary satellite is fixed in
position.

e Suggest which areas of the Earth are not always in line-of-sight with a geostationary satellite.

State one application, in each case, for the transmission of signals using:

a microwaves
b coaxial cables

C wire pairs.

Cross-linking in wire pairs is a greater problem than in coaxial cables.

a Compare the structure of a wire pair and a coaxial cable.
b Describe cross-linking between two wire pairs.
¢ Suggest how the structure of a coaxial cable reduces cross-linking and noise.

In a satellite communication system, a signal of frequency 14 GHz is transmitted from Earth
up to a satellite and a frequency of 11 GHz is transmitted back from the satellite down to
Earth, as shown:

satellite

a5

ionosphere

a State why frequencies in the GHz range are used.
b Explain why the two signals have different frequencies.
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¢ Copythe diagram and label the sky wave, the space wave and the surface wave.
d State two reasons why long distance communication using the sky wave is unreliable.

5 Dataistransmitted large distances under the oceans using optic fibres. Describe the advantages
of optic fibres over coaxial cables for the transmission of data.

Exercise 20.4 Attenuation

This exercise that provides practice in calculations of attenuation. The equations for
attenuation can be difficult to use because they involve logarithms and antilogarithms.
Remember to use logarithms to base 10, where the logarithm of 20 is written as lg(20).
The antilogarithm button on a calculator is often shown as 10~

1 a Calculatelg(100).
b Calculate x where lg(x) =1.2.

2 The power received by a satellite is 10* times less than that transmitted from Earth.

a Calculate the ratio of the two powers in dB.

b Suggest why attenuation of a signal is usually measured on a logarithmic scale rather than
on alinear scale.

3 Aninputsignal of power 3.6 x 107 W is attenuated and becomes 3.6 x 10° W at the other end.
Calculate the attenuation.

4 Asignal transmitted from Earth to a satellite has a power of 3000 W. The signal received by the
satellite is attenuated by 170 dB. Calculate the power received by the satellite. (You have to use
an antilogarithm.)

5 Acable has attenuation per unit length of 2.0 dB km=™. The input power to the cable is
600 mW.

a Calculate the output power for a 20 km cable.

b The minimum acceptable signal power in the cable is 7.2 x 10 mW. Calculate the maximum
length of the cable.

6 The attenuation produced by an optic fibre is 12 dB. The noise power at the receiver is
4.6 %107 W. The minimum permissible signal-to-noise ratio at the receiver is 20 dB.

a Calculate the minimum signal power at the receiver. (Use signal-to-noise ration = 10 lg(P,/P,)
with P, as the signal and P, as the noise)

b Calculate the minimum input signal power to the fibre.

7 Asignalis transmitted along a cable system of total length 120 km.
The cable has an attenuation of 2.0 dB km=. Amplifiers, each having a gain of 40 dB, are placed
along the cable.

a Calculate the total attenuation in the signal if no amplifiers are used.

b Determine the number of amplifiers necessary along the cable for the final signal to be of the
same power as the initial signal.
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1 Aradio station emits an amplitude modulated (AM) signal.

It starts operating by sending out a carrier wave for a few seconds. A person listening to a radio
receiver tuned to the station hears silence for those seconds. She then hears a single note for a
few minutes and then hears music being broadcast.

This diagram shows the power spectrum of each of the three situations:

spectrum A spectrum B
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a Explain whatis meant by an amplitude modulated signal. 2]

State and explain which spectrum is emitted by the radio station when the person hears:
i silence

N

ii asingle note

N

iii music.

N

¢ Determine:
i thetransmission frequency of the radio station

—
—
[

ii thefrequency of the single note
iii the bandwidth of the radio station. [2]

d The radio station operates in the LW band using amplitude modulation. State two
advantages and two disadvantages of AM transmission when compared with FM
transmission. [4]

N
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2 Ananalogue electrical signal is sent along coaxial cable to a receiver.

The signal is attenuated as it passes along the cable. The maximum length of the coaxial is
determined by the minimum acceptable value of the signal-to-noise ratio at the receiver.

a i Statewhatis meant by attenuation of the signal. [1]
ii  Explain what causes attenuation in the coaxial cable. [1]
iii State one cause of noise or electrical interference in the wire. [1]
iv Write an expression for the signal-to-noise ratio expressed in decibels (dB). [2]
v State and explain how the signal-to-noise ratio changes as the length
of the coaxial cable increases. 2]
b This data applies to the transmission:
input signal to the coaxial cable 760 mW
noise at the receiver end of the cable 4.8 uW
minimum acceptable signal-to-noise ratio | 25dB
attenuation of coaxial cable 6.0dB km=
i Calculate the smallest acceptable signal power at the input to the receiver. [3]

w

ii Calculate the maximum attenuation that can be caused by the coaxial cable.
iii Calculate the maximum length of the coaxial cable.

N

¢ The attenuation caused by an optic fibre is 0.2 dB km.

i Explain why the distance between regeneration amplifiers is larger when using fibre
optic transmission rather than coaxial cable.

NN

ii State two other advantages of transmission using optic fibre rather than coaxial cable.




Thermal physics

understand and explain the transfer of thermal energy and the concept of thermal equilibrium

understand how certain physical properties can be used to measure temperature

understand the absolute temperature scale and convert between temperatures measured in Kelvin and in degrees
Celsius

compare the advantages and disadvantages of thermistors and thermocouples

use a simple kinetic model of matter to explain the different states of matter, temperature and energy changes
understand that the internal energy of a system is determined by the state of the system

recall and use the first law of thermodynamics

define and use specific heat capacity and specific latent heat

_

internal energy: the sum of the random distribution of kinetic and potential energies of the atoms or
molecules of a system
specific heat capacity of a substance: the energy required per unit mass to raise the temperature by
1K (or1°C)
specific latent heat of a substance: the energy required per kilogram to change its state without any
change in temperature
Equations: first law of thermodynamics:
increase in internal energy = energy supplied by heating +
energy supplied by doing work; AU=g+w
energy supplied E

specific heat capacity = PE=
mass X temperature change mAB

. lied E
specific latent heat = w; L=—
mass m
converting between Celsius and Kelvin scales of temperature:

T(K)=6(°C)+273.15

In the kinetic model of matter, we picture matter as being made of many particles
(atoms, ions or molecules). The model can be used to explain many phenomena, and
this exercise develops an understanding of the model at its simplest.
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1 Thesediagrams show how we can picture the arrangement of particles in a solid, a liquid

and a gas:
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a Inwhich state (or phase) of matter are the particles packed most closely together? In which
state are they farthest apart?
b Ifasolidis heated, its particles gain energy. Describe how the motion of the particles

changes.

¢ Inasolid, the particles are closely packed together. State whether the force between
neighbouring particles is attractive or repulsive.

d Tochange asolid to a gas, its particles must be separated. State how the potential energy
of the particles changes as they are pulled apart. Is energy being added to the material, or
being removed?

e Bycomparing the diagrams for a solid and a gas, you can see two ways in which the particles
of a gas have more energy than the particles of a solid. State the two differences and name
the corresponding forms of energy.

2 Onasunnyday, a steel railway line absorbs the energy of the sunlight that falls on it. You cannot
see any obvious change in the appearance of the rail.

Imagine that you could see the atoms of which the rail is made.

a Describe the difference in the motion of the atoms on a hot day.
b Describe the difference in the separation of the atoms on a hot day.
¢ Explain what happens to the energy of the sunlight that has been absorbed by the rail.

3 Twoidentical beakers, Aand B, contain equal amounts of water. The waterinAis at a
temperature of 20°C while the water in Bis at 50°C. The water in each beaker gradually
evaporates.

a Inwhich beaker do the water molecules have the greater average energy?
Explain why the initial rate of evaporation of the water in beaker B is greater than that of the
water in beaker A. Refer to your answer to part a.

¢ Explain why the temperature of the water in each beaker decreases as the water evaporates.

d Explain why the temperature of the water in beaker B falls more quickly than that of the
water in beaker A.

4 This diagram shows a mass of gas in a cylinder: )
compressive

A piston is being pushed downwards to compress the gas. force

a Inacollision, momentum is transferred from one object to another.
The piston and the particles collide with one another. Momentum
is transferred from the piston to the particles. Describe the effect
this has on the average speed of the particles.

b Describe any changes in the total kinetic energy of the particles.
Describe any changes in the temperature of the gas.

State the phrase that describes this way of transferring energy to a gas.
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The average force pushing the piston is 20 N and it moves through a distance of 12 cm.

e Calculate the amount of energy transferred to the gas.

In practice, the force needed to compress the gas would increase as the piston is pushed
downwards (because the pressure of the gas would increase). This graph shows how the force
might increase:

/

Force

0 Distance moved

f Describe how you could determine the energy transferred to the gas from such a graph.
Include a sketch graph in your answer.

5 Theinternal energy of a material can be increased in two ways: by heating it and by doing work
on it. The first law of thermodynamics tells us how the internal energy changes, and can be
represented by this equation:

AU=g+w

a State the meaning of each of the symbols in this equation, and their units.

b Agasisheated by transferring 400 kJ to it. At the same time, it is compressed so that 300 kJ
of work is done on it. Calculate the increase in its internal energy.

138

¢ Acylinder of airis compressed by a force of 240 N moving through a distance
of 0.05 m. Because the temperature of the air increases, it loses 4.0 J of energy
through the walls of the cylinder to its surroundings. Calculate the increase in the internal
energy of the air.

6 If two objects are in contact with each other, energy will transfer from the hotter object to the
colder object. A temperature difference leads to the transfer of energy.

This diagram shows three objects in contact with each other. Their temperatures are: A 20 °C;
B30°C;C20°C.

Y

There will be a net transfer of energy between A and B. State the direction of this transfer.

T o

Explain why we describe this as a net transfer of energy.

(o]

Between which two objects will there be no net transfer of energy? Explain
your answer.

d Which two objects are in thermal equilibrium? Explain your answer.

e Eventually all three objects are in thermal equilibrium. What can you say about their
temperatures at this time?
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Exercise 21.2 Thermometers and temperature scales

There are many different types of thermometer: liquid-in-glass, thermocouple,
electrical resistance etc. Each is based on a different physical property which varies
with temperature. In this exercise you will answer questions about thermometers and
the Celsius and thermodynamic (Kelvin) scales of temperature.

1 Inthis question, use the approximate relation T{K) = 8(°C)+273.15.

a Convert each of the following temperatures from °C to K:
i 0
i 100
iii 523
iv —196.
b Convert each of the following temperatures from K to °C:
i 0
ii 200
iii 350
iv. 1000.
¢ State which temperature is greater, 400 K or 125 °C.

d Ablockoficeis allowed to warm from =20 °C until it melts at 0 °C. Calculate the increase in
its temperature. Give your answer in K.

2 This graph shows how the resistance of a thermistor changes with temperature:
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a State the temperature at which the thermistor has a resistance of 10 kQ.
State the resistance of the thermistor at 60 °C.

Explain why the thermistor would be more useful for measuring temperatures close to 0 °C
than to 100 °C. Use the word sensitivity in your answer.

3 Two important types of electrical thermometer are the resistance thermometer and the
thermocouple thermometer.

a Which of these two thermometers is constructed from wires of two different metals?

b Which of these two thermometers generates a voltage that depends on the temperature
difference between two points?
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¢ Aresistance thermometer may be based on a resistance wire or a thermistor. State which
of these two types of thermometer shows a big change in resistance over a small change in
temperature.

d Aresistance thermometer is likely to have a greater mass than a thermocouple. Explain why
this means that a thermocouple thermometer is likely to respond more quickly to a change
in temperature.

e Athermocouple has a non-linear response to temperature and hence will require calibration
ifitis to be used as a thermometer. Explain the meanings of the terms non-linear and
calibration.

4 Thethermodynamic (Kelvin) scale of temperature has two fixed points.

a State the lower fixed point and give its value in Kand in °C.
b Theupperfixed pointis the triple point of water. Explain what this means.
¢ Give the value of the upper fixed point in Kand in °C.

Exercise 21.3 Energy change calculations: s.h.c.
and s.l.h.

Knowing the values of a material’s specific heat capacity and its specific latent heat
allows us to calculate energy changes. This is an exercise in calculating and using both
of these quantities.

m 1 Theequation c=$ defines specific heat capacity.
a State what each symbol represents, and give its Sl unit. (Note: A8 is a single quantity.)
The specific heat capacity of lead is 126 J kg™ K.

b Calculate the amount of energy required to raise the temperature of 1 kg of lead by 10 °C.

¢ 1lkJofenergyissuppliedto 1 kg of lead. Determine the amount by which the temperature of
the lead will rise, to the nearest 1 °C.

2 Tocool a5 kg block of steel at a temperature of 200 °C, it is plunged into a tank containing 50 kg
of water at 20 °C. You can calculate the final temperature of the water like this:

The steel and the water will reach the same final temperature. We can write this as final
temperature =X"°C.

specific heat capacity of steel =450 J kg~ K™
specific heat capacity of water=4200 J kg™ K+

a Write down an expression in terms of X for the energy lost by the steel in cooling from
200°Cto X.

b Write down a similar expression for the energy gained by the water in being heated from
20°CtoX.

¢ These two quantities are equal (assuming no energy is lost to the surroundings). Write an
equation in which these quantities are shown to be equal.

d Solve the equation for X.

You could use a method like this to determine the specific heat capacity of a material.
Outline how you would do this. List the quantities you would measure. State one other
quantity whose value you would need to know.
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3 Ablock of copperwas heated with a 60 W electrical heater. This graph shows how the
temperature of the block increased:
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a Choose a suitable section of the graph and deduce by how much the block’s temperature
increased in 200s.

b Calculate the energy supplied to the block in this time.
The mass of the block was 2.00 kg. Calculate the specific heat capacity of copper.

In this experiment, it is likely that some of the heat supplied to the block was lost to the
surroundings. What feature of the graph suggests that this was the case? Explain your answer.

e Isthetrue value for the specific heat capacity of copper likely to be higher or lower than that
calculated in part ¢? Explain your answer.

4 Theequation L:% defines specific latent heat.

a State what each symbol represents, and give its Sl unit.

The specific latent heat of fusion of water L =330 000 J kg.

b Explain the meanings of the words specific and fusion in this sentence.

¢ Afreezerconverts 10 g of water at 0 °C to ice at the same temperature in five minutes.
Determine the amount of energy that must be removed from the water to achieve this.

5 These diagrams show the typical arrangements of atoms in a solid, a liquid and a gas:

PR e v o
oo _
00000000000 o ©
BEBEEBOEG0” ©

QU

As represented in the diagram of a solid, each atom is in contact with a number of
neighbouring atoms. How many?

o

Describe how this number changes when the material is heated so that it changes from a
solid to a liquid and then to a gas.

¢ Usethisidea to explain why the specific latent heat of vaporisation is greater than the
specific latent heat of melting for a given substance.
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Exam-style questions

1 Solderis an alloy of two metals which is used to join wires together. It has a relatively low
melting point.

Ablock of solid solder was heated at a steady rate until it melted. This graph below shows how
its temperature increased:
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a Deduce the melting point of the solder. 1]

Consider the region BC of the graph. Describe how the following quantities were changing in this
part of the heating process:

b the total kinetic energy of the atoms of the solder [1]
¢ their potential energy [1]
d theinternal energy of the solder. 1]
The block had a mass of 25.0 g.
e State the otherinformation you would need in order to deduce the specific heat

capacity of the solder. 2]

f Suggest the required physical properties of the two metals that are alloyed to make
solder. Explain your thinking. [3]
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2 This diagram shows a simple method to estimate the specific latent heat of vaporisation of

water, L:
5258
wattmeter——// insulation
(shown partly
removed)

water

heater
balance

Abeaker is filled with hot water and placed on a balance. It is then heated with an electrical
heater. The thermometer indicates the temperature of the water.

a Explain whatis meant by the specific latent heat of vaporisation of a liquid. 2]

b The heater has a power rating of 25 W. Calculate the energy it supplies to the water
in500s. (1]

The water boils and the mass recorded on the balance gradually decreases. This table shows
two measurements of the mass separated by a time interval of 500 s:

Time /s ‘ Mass/g
0 131.36
500 127.05
¢ Usethis data to estimate a value for the specific latent heat of vaporisation of water L. 2]

Most of the energy supplied by the heater results in vaporisation of the water.
However, some energy is lost to the surroundings and does not contribute to the
vaporisation of the water. Suggest one way in which energy is lost to the surroundings.  [1]

e Explain whether energy losses to the surroundings mean that your estimated
value for L in part ¢ above is an under-estimate or an over-estimate. [2]



Ideal gases

recall the equation of state for an ideal gas and use it to solve problems
state the assumptions of the kinetic theory and use it to relate the macroscopic properties of a gas to the microscopic
properties of its particles, including an explanation of Brownian motion

m deduce the relationship between the pressure and volume of a gas and the number and mean square speed of its
particles
recall the definition of the Boltzmann constant
deduce that the average translational kinetic energy of a molecule is proportional to the absolute temperature

_

ideal gas: a gas that behaves according to the equation pV'=nRT

mole: the amount of a substance that contains the same number of particles as there are in 0.012 kg
of carbon-12

Boyle’s law: The pressure exerted by a fixed mass of gas is inversely proportional to its volume,
provided the temperature of the gas remains constant

Equations: theideal gas equation: pV/=nRT

n number of moles = mass (g)
molar mass (g mol™)

pressure and volume of a gas: pV = j4Nm<c?>; p= }p<c?>

average molecular KE=3 x Boltzmann constant x thermodynamic temperature;
ym<c?>=3%kT

An ideal gas does not exist! But gases at low pressures behave very much like ideal
gases, so the idea of an ideal gas is very useful. This is an exercise in using the ideal gas
equation and Boyle’s law.

1 Thisistheideal gasequation: pV=nRT.

State the quantity represented by each symbol, giving the unit of each.

Which two quantities are related by Boyle’s law? State the two quantities that are constantin
Boyle’s law. If you are not sure, look back at the ideal gas equation.

¢ Which quantity in the equation can be used to calculate the mass of gas? Explain how you
would carry out such a calculation.
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2 Tousetheideal gasequation, pV/=nRKT, you need to be able to calculate the number of moles n
in a sample of gas.

a Calculate the number of molesin 0.48 g of oxygen (molar mass of oxygen =32 g mol™). It may
help to recall that molar mass means the mass of one mole.

b 26 gof helium contains 6.5 mol of particles. Calculate the molar mass of helium.

A classroom has dimensions 2.2 m x 6.0 m x 4.8 m. It contains air of density 1.29 kg m=.
Calculate the number of moles of air this classroom contains (molar mass of air=29 g mol).

3 Acylinder of volume 40.0 litres is filled with air to a pressure of 200 x 10° Pa. A piston then
compresses the air to a volume of 2.5 litres.

a Calculate the pressure of the compressed air, assuming that its temperature remains
constant. You can think in proportions or use p;V; = p,V..

b Sketch a graph of pressure against volume to show how these quantities will change as the
airis compressed.

¢ Theexperimentis performed at a temperature of 27 °C. Calculate the number of moles of
gas contained in the cylinder (universal molar gas constant R=8.31 J mol™ K7).

4 |[fagasisheated at constant pressure, its volume will change.

The relationship between volume and absolute temperature at constant pressure is known as
Charles’s law.

a State whether the volume of the gas will increase or decrease as the temperature increases
at constant pressure.

b Sketch a graph to show how the volume of an ideal gas depends on its absolute
temperature.

¢ Anideal gas will have zero volume at absolute zero. Describe how you would expect a real
gas to behave as its temperature is reduced towards absolute zero.

d 10 mol of nitrogen is heated from 23 °C to 100 °C at a constant pressure of 100 x 10° Pa.
Calculate the change in volume of the gas.

5 Usually, when a gas expands or contracts, both its pressure and temperature change. We can
solve problems like this using the relationship:

,O_\/ =constant

a Whatis the constantin this equation? Give its unit.

Aballoon contains 0.040 m?* of helium at a pressure of 3.5 x 10° Pa and a temperature of 27 °C.
Itis heated until it bursts. At this point its volume has expanded to 0.044 m® and its temperature
has reached 190 °C.

b Calculate the value of the quantitypTV before the balloon is heated.
¢ Usingyour answer to part b, calculate the pressure at which the balloon bursts.

d Calculate the temperature at which the balloon would have exploded if it had not expanded
as it was heated.
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Exercise 22.2 The kinetic model of a gas

We can think of a gas as being made of particles moving about in a box. This is the
kinetic model of a gas. Because the particles obey the usual laws of physics, we can
use the model to deduce equations linking microscopic behaviour of particles to the
macroscopic properties of a gas - pressure, temperature, and so on. This exercise tests
your understanding of these relationships.

1 Thisdiagram shows one way to observe Brownian motion:

microscope

—— coverslip

smoke cell

light smoke

a When you look down the microscope, you cannot see the molecules of the air. Explain why.

b You see tiny specks of light moving about in a random way. Explain what it is that can be
seen moving.

¢ Explain what causes the movement.

The objects you see are moving quite slowly. How does this compare with the speed of the
molecules of the air? Explain your answer.

2 This question relates to the assumptions of the kinetic model of a gas.

This diagram represents the particles of a gas which is contained in a rectangular box:
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a What canyou say about the total volume of the particles compared with the total volume of
the box?

b We know that particles attract each other; it is why solids form when matteris cooled. State
whether the particles of a gas attract one another.

¢ Describe the path of an individual particle in between collisions with other particles and
with the walls of the box.

d State whether the collisions between particles are elastic or inelastic. Explain what effect
this has on the total kinetic energy of the particles.



Chapter 22: Ideal gases

3 This question relates to the derivation of the relationship between the pressure p of a gas and
the motion of its particles. It follows the same steps as the derivation of the relationship:

p=Jip<ct>
Look at this diagram:

C

/|
T e

The left-hand side of the diagram shows a single particle in a cube-shaped box. For simplicity,
we will suppose its massis 1 kg and its speed is ¢ =500 m s

a Calculate the particle’s momentum.
The particle strikes the cube face ABCD and bounces off it so that its velocity is reversed.
Calculate the change in the particle’s momentum. Remember that momentum is a vector
quantity.

¢ The particle now bounces off the opposite face and returns to strike face ABCD again.
Suppose that the length of each side of the cube is [=1.0 m. Calculate the time interval
between collisions on face ABCD. How many times will the particle strike ABCD each
second?

d Calculate the force on ABCD due to this one particle. Use the relationship:

change in momentum
time

force=

e Calculate the pressure on ABCD.
f What will be the pressure on the face opposite ABCD?

g Inpractice, a typical particle will be moving around so that it bounces off all six faces of the
cube, rather than just two, as shown in the right-hand part of the diagram above. By what
fraction will this reduce the pressure on cube face ABCD? Calculate the new value of the
pressure.

h Thevolume of the cubeis 1 m*.
The density of the ‘gas’is 1 kg m=.
The density of airis about 1.29 kg m= at 0 °C.

State whether the pressure of the air would be greater or less than the value you have
calculated in part g.

i State whether the collisions between the particle and the walls of the cube are elastic or
inelastic. Justify your answer.
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4 \We can write the following equation for the average kinetic energy of a particle (atom or
molecule) of a gas:

average kinetic energy = ym<c?>

a State whatthe symbols m and <c2? > represent.

We can relate this quantity to the temperature of the gas:
ym<c?>=%kT

b State what the symbols kand T represent.

¢ Ifthethermodynamic temperature of a gas is doubled, by what factor does the average
kinetic energy of its particles increase?

d Sketch a graph to show how the mean kinetic energy of the particles of a gas changes as its
temperature increases.

Exam-style questions
1 a Explainwhatis meantby an ideal gas. 2]

A container holds 120 g of hydrogen gas at a temperature of 27 °C and a pressure of 100 kPa.

b Determine the volume of the container (molar mass of hydrogen =2.0 g;
universal molar gas constant R=8.31 J mol™ K). 2]

¢ The containeris heated to 100 °C at fixed volume. Determine the pressure of the gas

at this temperature. [2]
148

d Determine the density of the hydrogen and hence deduce the root mean square (rms)
speed of the hydrogen molecules at 100 °C. [3]

2 Arigid container holds a mass of gas.

a Use the kinetic model of matter to explain why the gas exerts a pressure on the
walls of the container. [

i)

b The mass of gas in the container is doubled. Explain why the pressure of the gas doubles.

N

¢ Explain why the pressure of the gas increases when the temperature of the gas increases.

N

Calculate the mean kinetic energy of the molecules of a gas at 27 °C (Boltzmann

constant k=1.38 x 10723 J K™). 2]
e The principal constituents of air are nitrogen (molar mass 28 g) and oxygen

(molar mass 32 g). The root mean square speed of the nitrogen molecules

is greater than that of the oxygen molecules. Explain this. 2]



Coulomb’s law

understand that the charge on a spherical conductor may be considered to act as a point charge at its centre
recall and use Coulomb’s law to solve problems

recall and use the formula for the field strength of a point charge

define the electric potential at a point and use the equation for the potential of a point charge

relate field strength and potential due to a point charge

compare electric fields and gravitational fields

_

Coulomb’s law: any two point charges exert an electrical force on each other that is proportional to
the product of their charges and inversely proportional to the square of the distance between them

the electric potential at a point: the work done in bringing a unit positive charge from infinity to

that point
Equations: Coulomb’s law: F = kQ—;QZ where k=
r

ame,

: .~ workdone W
electric potential=—————; V=—
charge 0]

electric potential: V= k—Qwhere k=
r 4me,

field strength=potential gradient; E:%

You have already studied general ideas about electric fields (Chapter 8). You have also
studied gravitational fields (Chapter 18). This exercise extends these ideas to consider
electric fields around point electric charges.

Note: permittivity of free space, £,=8.85x 102 F m=.
1 This question revises the idea of an electric field.

a State whatis meant by an electric field.

b Write the equation that defines electric field strength. Give the equation in words and also in
symbols. State the unit of each quantity in the equation.

This diagram shows an electron placed in an electric field of strength 5000 N C:

electric field

e electron

Earth

The electron is close to the Earth’s surface where the gravitational field strength g =9.81 N kg=.
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¢ Calculate the electric force on the electron and state its direction. (electron charge =
-1.6x107C)

d Calculate the gravitational force on the electron and state its direction. (electron mass =
9.11x 103 kg)

2 Aswith any electric field, we can draw field lines to represent the field around a point charge.
This diagram shows the electric field around a positively charged metal sphere:

A charged sphere can be considered to behave like a point charge where all of the charge is
concentrated at the centre of the sphere.

a Draw asimilar diagram to represent the electric field around a metal sphere with a negative
electric charge.

b Two charged metal spheres, each of diameter 10.0 cm, are placed so that there is a gap of
20 cm between them. They can be considered to act as two point charges separated by
m distance d. Deduce the value of d.

3 Coulomb’s law describes the electric force between two point charges.

This diagram shows two point charges, each of +10 C, separated by a distance of 1.0 cm:

O ©

| |
1 1
1 1
I I
l l
| |
I I
- I cm —»

a Copy the diagram and add arrows to represent the force each charge exerts on the other.

Explain how the sizes and magnitudes of the forces are an example of Newton’s third law of
motion.

Describe how the forces will change if one of the charges is changed to —10 C.

If the two charges are each increased to +20 C, by what factor will the force change?

If the separation of the charges is increased to 2.0 cm, by what factor will the force change?
If the separation of the charges is decreased to 0.5 cm, by what factor will the force change?

m =~ o o o0

Calculate the electric force between the two +10 C charges when they are separated by
1.0cm (,=8.85x 1072 F m™).

4 To calculate the electric field strength due to a point charge, we need to consider a charge of
+1 C placed in the field.

a Acharge of +1 Cis placed at some distance from a positive charge +Q. The electric force on it
is 24 N. Calculate the field strength at this point. Give its magnitude and direction.

b Calculate the force on a charge of =5 C placed at the same point.
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5 Considera+5 C point charge which is far from other charges.

a Sketch a diagram to show the field lines around the charge.

State whether the field due to the charge is uniform. Explain your answer by referring to your
diagram.

¢ Calculate the field strength at a distance of 4.0 cm from the charge.

Sketch a graph to show how the field strength £ depends on the distance r from the charge.
(Thereis no need to include values on the graph axes.)

6 When there are two or more charges present, we can calculate the electric force (or the field
strength) by working out the forces due to each charge separately and adding them together.

Remember, force and field strength are vector quantities so it is necessary to take account of
their directions.

This diagram shows two point charges, +4 C and +1 C, separated by 3.0 cm:

+4C . X - +1C

> + 3

1
1
1
1
:
15m— e 1.5cm —»

a Consider a charge of +1 C placed at point X. It will be repelled by both charges. Which of the
two charges will exert a greater force on it? Explain your answer.

b State the direction in which the electric force on the charge placed at X will act.

Suggest a point at which the charge could be placed so that the resultant electric force on it
would be zero. Justify your answer.

Exercise 23.2 Electric potential

Work must be done to push an electric charge to a higher potential. This energy can
be changed to other forms when the charge is moved back to its starting point - that
is what happens in an electric circuit when charges move around from the positive
terminal to the negative. This exercise will give you practice in calculating electrical
forces, work done and electric potential.

1 This question compares movement in gravitational and electric fields.

Look at these diagrams:

)

AN

B electric field

o

C

+

2
lg:9.8lng‘l Zz

C
0

N
\

D
1
1
]
2

20 kg

Vv +2V

a Intheleft-hand diagram, a heavy load is being lifted up from the ground at point A. If its
mass is 20 kg, by how much has its gravitational potential energy increased when it is lifted
to point B, 2.0 m above the ground? State the difference in gravitational potential between
AandB.(g=9.81 Nkg?)

b Intheright-hand diagram, a positive charge of +20 C is being pushed from C to D through a
potential difference of 2.0 V. Describe how you can tell from the diagram that work must be
done to achieve this.
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¢ Calculate the increase in electrical potential energy when the +20 C charge is pushed from
Cto D. State the difference in electric potential between C and D.

d If anegative charge of =20 C moves from C to D, deduce the change in its electrical potential
energy. Explain your answer.

2 This question is about the electric potential near a point charge.

This diagram shows the electric field around a point charge +Q. A second point charge —qg is
placed nearit:

a State whether the two charges attract or repel. Explain your answer.
The second charge —g is moved further away from +Q. State whether work is done or energy
is released. Explain your answer.

¢ State whether the charge —g is now at a higher or lower potential than before.
If charge +Q=10.01 C, calculate the electric potential at a distance of 0.01 m from it.

) e Ifcharge—g=-0.005 C, calculate its electric potential energy at a distance of 0.01 m from +Q.

3 Theelectricfield strength is equal to the potential gradient. We can write this as E:EV fora

uniform field, and more generally as E:%.

These diagrams show field lines together with graphs of potential V against distance d for a
uniform field and for a spherical field (the field around a point charge):

v/v

+10 kV

J

OV, 20cm |

—

0 d/cm 20 0 d/cm

Look at the diagrams for the uniform field.

Explain how you can tell from the pattern of field lines that this is a uniform field.
Calculate the field strength in the space between the two plates usingE:('j—/.
Look at the graph of V against d. Describe the shape of the graph.

o 0 T o

Explain how can you tell from this graph that the field is uniform.
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Now look at the diagrams for the spherical field.

Explain how you can tell from the pattern of field lines that this is not a uniform field.
Look at the graph of V against d. State where the gradient is greatest (steepest).
State where the field is strongest.

> @ =~ 0

Where is the field weakest? Explain your answer.

Think about the gravitational field around the Earth. Where is the field strongest? Describe
how an object could be moved to reach a place where the field is weaker.

j  Sketch a graph to show how the Earth’s gravitational potential ¢ varies as an object is moved
away from its surface.

4 This graph shows how the potential V varies with distance d close to a positive charge:

Electric potential /V
N

Distance / m

The triangle is used to find the field strength at a point in the field.

The line AB is a tangent to the curve. It touches the curve at the point where we want to know
the field strength.

a Statethedistance x at which AB touches the curve.

Find the gradient of AB. This is the value of the field strength at x. Include the appropriate
units in your answer.

¢ State whetherthe gradient is positive or negative. Explain what this tells you about the
force —is it attractive or repulsive?
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Exam-style questions
1 a StateCoulomb’slaw. 2]

In a carbon atom, an electron (charge —e) orbits the nucleus (charge +6e). The diameter of its
orbitis 1.4x10%°m. (e=1.6 x 102 C)

b Calculate the electric force on the electron due to the nucleus. [2]
¢ State the value of the electric force exerted by the electron on the nucleus. 1]
d The electron moves to an orbit with a greater diameter. Explain whether its
electric potential energy has increased or decreased. [2]
2 a Statewhatis meantby the electric potential at a point. 2]

This diagram shows two parallel metal plates separated by a distance of 8.0 cm:

The upper plate is held at a potential of 2.0 kV. The lower plate is connected to earth so that its
potential is 0 V.

b Calculate the work done in transferring a single electron from the upper plate

to the lower plate. (e=1.6x 107 C) 2]
¢ Draw a graph to show how the electric potential varies with distance between

the plates. [2]
d Calculate the electric field strength between the plates. [2]

A charge of +1 Cis moved along the path ABC shown in the diagram. Determine the
electrical work done in moving the charge. [3]



Capacitance

define capacitance and the farad, and use the formula for capacitance

show an understanding of the functions of capacitors in simple circuits

solve problems involving charge, voltage and capacitance

derive and use formulae for the energy stored in a capacitor

derive and use formulae for the total capacitance of capacitors in series and in parallel

_

capacitance of a capacitor: the charge stored on one plate per unit potential difference between
the plates

. : h
Equations: capaatance:&; C:9
potential difference 1%

work done = charge x potential difference; W= QV

energy stored =l2 charge x potential difference; Wzle\/z%C\/2

1 1 1 1
=—+—+—+....
Ctotc/ C1 CZ C3

capacitors in series:

capacitors in parallel: Coy =C, + G+ C5+ ...

This exercise helps you understand the basic ideas of capacitance.

1 This question is about the definitions of capacitance and the farad. The equation that defines

capacitanceis C:%

a Statethe quantities represented by each symbol and give their units (name and symbol).
b Write down an equation relating the farad, coulomb and volt.

You can think of capacitance as telling you how many coulombs of charge are on each plate per
volt of potential difference between them.

¢ Acapacitoris marked with the value 10 000 uF. State thisin F.
d Determine the charge on a plate of the capacitor when the p.d. acrossitis 1V.
e Determine the charge on a plate of the capacitor when the p.d. across it is 50 V.

2 Capacitors are usually labelled with their capacitance either in uF or pF.

a What does the prefix ‘p’ stand for in the Sl system? State the power of 10 that it represents.

b Write these capacitance values in standard form (in other words, in scientific notation, using
powers of 10):

i 20uF

ii 10000 pF
iii 20 pF

iv. 5000 pF.
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3 This question is about how capacitors work.

This circuit diagram shows a capacitor that has been connected into a circuit with a cell and a
resistor:

+Q, . C
||
||

At first there is a current in the circuit, but eventually the capacitor is fully charged.

a When the capacitoris fully charged, state what happens to the current in the circuit.
b State the potential difference across the capacitor. State the p.d. across the resistor.

¢ Thediagram shows that there is charge +Q on one plate of the capacitor. State the charge on
the other plate.

d Determine how much charge has passed around the circuit during the charging process.
e State the name of the material used between the plates of the capacitor.
f Name the type of field found between the plates of the capacitor.

Now think about the circuit at the start of the charging process, when the capacitor was

m connected to the cell and the resistor.

g The plates of the capacitor were uncharged. State the p.d. across the capacitor at this time.
h Statethe p.d. across the resistor at this time.

i Describe how you could calculate the initial current in the circuit. Include the equation you
would use.

4 |If a capacitoris charged and then connected across a resistor, a current will be established in
the circuit. This diagram shows one way in which this can be investigated:

V. S
—0

wl o

10 mF

With the switch to the left, the plates of the capacitor become charged. There is no resistance in
the circuit, so this will happen instantly.

a Determine the p.d. across the capacitor when it is charged.
b Calculate the charge on each plate of the capacitor.

Now the switch is moved to the right. The circuit consists of the capacitor and a resistor.

State the initial potential difference across the resistor.

Determine the current that will be established in the circuit.

How much charge will leave the capacitor in 1.0 s? Calculate the new charge stored.
Calculate the p.d. across the capacitor after 1.0 s.

Calculate the current present in the circuit after 1.0 s.

S m@a o a 0

Explain why the current has decreased.
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5 Itcan help to think of a capacitor as being similar to a rechargeable battery. Once it has been
charged up, a capacitor can provide a source of voltage in a circuit, releasing charge to form a
current. However, there is a very important difference between a capacitor and a rechargeable
battery.

These graphs show how the voltage across a capacitor and a rechargeable battery change with
time when they are connected across a resistor. But which is which?

P.d.
P.d

Time Time

Graph A Graph B

a Statewhich graph, A or B, represents the behaviour of a capacitor. Explain your answer.

b If a capacitoris connected across a large resistor, will it discharge more or less slowly?
Explain your answer.

Exercise 24.2 Energy stored by a charged capacitor

Work must be done to charge up a capacitor. This means that the capacitoris a

store of energy, which can be recovered when the capacitor discharges. This exercise
provides practice in calculating charge, potential difference and the energy stored by
a capacitor.

1 This graph shows how the p.d. Vacross a 0.5 mF capacitor increases as the charge Q on each of
its plates increases:

10

Potential difference / V

o
[y
o
N
o
w
o
i
o

5.0
Charge /mC
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a Thegraphis astraight line. Think about the equation:
C:_

State which quantity is represented by the gradient of the graph.

b The graphis divided into strips. The area of each strip represents the work done in
transferring 1 mC of charge to the capacitor. The first ‘strip’ is a triangle. Its area tells us the
work done in transferring the first 1 mC to the capacitor. Calculate the area of this strip.
(Note: the answer will be in mJ since Qisin mC.)

Calculate the area of the second strip. How many times bigger is this strip than the first strip?
Explain what the area of the second strip represents.
Explain why more work must be done in pushing the second 1 mC on to the capacitor?

- O O 0N

From the graph, deduce the amount of work done in charging the capacitorto a p.d. of 8.0 V.
Explain your method.

2 Theenergy stored by a capacitor C when the p.d. across itis VVis given by W=% QV. (Thisisthe
area under the graph of Vagainst Q.)

a Acapacitoris charged to a p.d. of 6.0 V. The charge stored on each of its plates is 300 uC.
Calculate the capacitance of the capacitor and the energy it stores.

b The equation that defines capacitance is:

C=

Use this to show that we can write:
_1 2
m W= Cv

¢ A20uF capacitoris charged to 240 V. Calculate the energy stored.

<|O

200 mJ of work is done in charging a capacitor to a p.d. of 120 V. Calculate its capacitance.

3 Ametal sphere can be charged - the dome of a Van de Graaff generator is an example of this.
Because it can be charged, we can say that it has a capacitance.

The charge stored Q and the potential V are related by the equation for the potential near a point
charge (Chapter 23):

electric potential: \/=k—vihere k= !
r 4t

a Recall that capacitanceis:

C:

<O

Rearrange the equation for Vabove to find an expression for Cin terms of rand k.

b State which has the greater capacitance: a sphere with a larger radius or a sphere with a
smaller radius.

A metal sphere has a diameter of 40 cm.
¢ Calculate the capacitance of the sphere. (g,=8.85x 10%2F m)

d Calculate the charge on the sphere when it is at a potential of 20 kV relative to earth.
e Calculate the energy the sphere stores at this potential.
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Exercise 24.3 Capacitors in series and in parallel

Two capacitors may be connected together, so it is useful to be able to calculate their
combined capacitance. Alternatively, you may wish to connect two or more capacitors
together to give a combined capacitance of a desired value. This is an exercise in
combining capacitances in different ways.

1 Hereare some calculations that make use of the formulae for combined capacitance:

T o1
=—t—+—+....

capacitorsin series:
Ctoto/ C1 CZ C3

capacitorsin parallel: C,,,=C,+C, +Cy+....

Don’t forget that the equations work in the opposite way to those for resistors: you use the
reciprocal formula for resistors in parallel but for capacitors in series.

a State the total capacitance of two 10 pF capacitors connected togetherin parallel.
Calculate the total capacitance of two 10 pF capacitors connected together in series.

Determine the number of 10 pF capacitors that must be connected in parallel to give a total
capacitance of 50 pF.

d Now calculate the total capacitance of the number of 10 pF capacitors from part ¢ if they
were connected in series.

e Capacitors of values 10 pF, 50 pF and 200 pF are connected in parallel. Calculate their total
capacitance.

Check that your answer is greater than the value of the largest of the three capacitances
being connected in series.

f Thecapacitors from part e are connected in series. Calculate their total capacitance.

Check that your answer is less than the value of the smallest of the three capacitances being
connected in series.

2 Each of these diagrams shows three capacitors connected together. You have to find the total
capacitance between A and B.

X| |20uF Y| |40;1F Z| |120;LF
| ] | ] ]
Z 120 uF
A B A B
[ ] q ¢ o
Y| |40uF X| |20uF
| ] | ]
Circuit 1 Circuit 2

a ForCircuit 1, you must first calculate the combined capacitance of X and Y. Notice whether
they are connected in series or parallel and deduce their total capacitance.

b Now decide whether the pair of X and Y is in series or parallel with Z and calculate the total
capacitance between A and B.
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Now look at Circuit 2. The same three capacitors have been connected together, butin a
different way.

¢ Deduce the total capacitance between A and B.
Follow the same logic as in parts a and b.

3 This question is related to the way in which the equations for capacitors in series and parallel
are derived.

These diagrams show two capacitors, C, and C,, connected in series and in parallel.

5V Vs
G
) G
]|
. Imml
in parallel in series

m Forthe capacitors in parallel:

a Which is the same for the two capacitors, the p.d. Vacross them or the charge Q on their
plates? Explain your answer.

b Deduce an expression for the total charge on the capacitors.
¢ Hence deduce an expression for their total capacitance.

For the capacitors in series:

d Whichis the same for the two capacitors, the p.d. Vacross them or the charge Q on them?
Explain your answer.

e Deduce an expression for the p.d. across the capacitors.
f Hence deduce an expression for their total capacitance.

4 The statements below relate to combinations of two capacitors. For each, state whether the
capacitors are connected in series orin parallel:

The total capacitance is less than either of the individual capacitances.
The total capacitance is greater than either of the individual capacitances.
The p.d. of the supply is shared between them.

The p.d. across one capacitor is greater than the p.d. across the other.

mT O 0 T o

One capacitor has less charge on its plates than the other.
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Exam-style questions

1 a Definecapacitance. [1]

A 200 uF capacitor is connected in series with a 4 kQ resistor and a 240 V power supply.

b Determine the initial current in the circuit. 2]

¢ Calculate the charge on each plate of the capacitor when the current in the circuit has
fallento 0 A. 2]

d Calculate the work done in charging the capacitor. 2]

Explain the energy transfers involved as a capacitor charges. How does this follow
the principle of the conservation of energy? (3]

2 This diagram shows a metal sphere mounted on an insulating stand:

The sphere has a diameter of 40 cm. A positive charge is gradually added to the sphere.

a Sketch a graph to show how the potential changes as the charge on the sphere
increases. (2]

b Determine the potential at the surface of the sphere when it carries a positive
charge of 200x 10° C. (,=8.85x 102 F m)

¢ Calculate the work done in charging the sphere.

N W

3 This circuit diagram shows two capacitors, C; and C,, connected to a power supply:

C1=500uF C,=800uF

o
200V

Calculate:

ey

a thetotal capacitance of C; and C, when connected in this way

Y

b the charge on each plate of each capacitor.
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m show an understanding of the operation and use of a light-dependent resistor (LDR), a negative temperature
coefficient (NTC) thermistor, a piezo-electric transducer, a light-emitting diode (LED) and a relay

m describe the structure and function of a metal-wire strain gauge
recall the main properties of the ideal operational amplifier (op-amp) and deduce how it may be used as a comparator
recall the circuit diagrams for both the inverting and the non-inverting amplifier and recall and use expressions for
their voltage gain

m for an operational amplifier, understand the virtual earth approximation, how an expression for gain is derived, and
the effects of negative feedback on the gain

m understand how the output of an op-amp circuit can be monitored and the need for calibration where digital or
analogue meters are used as output devices

_

negative feedback: the output of a system is used to oppose the changes in the input of the system; a
fraction of the output is added to the input, out-of-phase to the input by 180°

gain: the voltage gain is the ratio of the output voltage to the input voltage

open loop voltage gain: the ratio of the output voltage to the p.d. between the inverting and non-
inverting inputs

virtual earth: an approximation in which the two inputs of an op-amp are nearly at the same
potential, that of the 0 V rail or earth.

bandwidth: a range of frequencies; the difference between the highest-frequency signal and the
lowest-frequency signal

saturated: an op-amp is saturated if it is providing the maximum or minimum output voltage and is
unresponsive to further increases of input signal

q 7
Equations: gain= \;—“‘

in

: R, : : .
gain= ——— foraninverting amplifier, or

in

R, o .
1+ o for a non-inverting amplifier

2

This exercise explores the different types and uses of sensing devices.
1 Statesuitable sensing devices that can be used to detect:

a change in temperature
the intensity of a sound wave
achange in light intensity

Q 0 T o

achange in the width of a crack in a wall.
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2 Draw adiagram of a metal wire strain gauge and explain how it works.

3 Suggest approximate values for the resistance of a light-dependent resistor (LDR):

a indaylight
b indarkness.

4 Astudent designs a potential divider circuit to use as a sensing unit to detect temperature
change. A 10V supply, a voltmeter, a fixed resistor and a thermistor are used. The voltage output
decreases as the temperature of the sensor increases.

Draw the circuit diagram, labelling the output voltage.
Explain the operation of the sensor.
Explain why the output voltage does not change linearly with temperature.

o N T o

State one change to your apparatus that will cause the output voltage to increase as
temperature increases.

The thermistor is placed in a water bath at various known temperatures.

e Describe how the reading on an analogue voltmeter can be adapted to find a temperature.
f Describe how the reading on a digital voltmeter can be used to quickly find a temperature.

5 Astrain gauge has an initial resistance of 100.0 Q and, after being stretched, the resistance is
105.0 Q. The change in the area of cross-section of the strain gauge wire is negligible.

Calculate the percentage increase in the length of the strain gauge.

6 A microphone contains a piezo-electric transducer. Explain the action of the piezo-electric
effect in the microphone.

Exercise 25.2 Properties of an op-amp and its use as a
comparator

Although the principles behind the operation of an op-amp are reasonably simple,

it can be made to work in different ways for different uses. This exercise explores
the principles of the op-amp and some of its more straightforward uses. You need to
understand these before moving on to consider more complicated uses.

1 Thisdiagram shows an op-amp:

+9V

-9V

a State which of the terminals, labelled P, Q and R, are the output, the non-inverting input and
the inverting input.

b Use the potentials at terminals P, Q and R to explain how the op-amp works.
Explain the purpose of the potentials shown as+9Vand -9 V.
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2 Match each property of an ideal operational amplifier (op-amp) with the correct explanation:

Property Explanation

infinite input resistance output voltage does not fall when connected
to an output device

zero output resistance no time delay between applying a voltage and
the output changing

infinite open loop gain draws little current from any input device

infinite bandwidth small signal can be amplified a large amount

infinite slew rate all frequencies are amplified the same
amount

3 Asensing unitis connected to the input of an op-amp. The op-amp is the main part of a
processing unit. Describe the function of a processing unit.

4 Thetwo inputvoltages to an op-amp are V, and V.. The op-amp is used to make a comparator
circuit. Describe what happens in a comparator circuit in terms of V, and V..

5 Thisdiagram shows an ideal op-amp:

+6.0V
100 kQ
+9V
+1.5V V=
o—]—
Vout
+
V+
-9V
R

ov

V. and V_are the potentials of the two inputs of the op-amp.

State the maximum and minimum values of the output voltage V., ..
State the range of values of V, when V, . has the maximum value.
State the range of values of V, when V. has the minimum value.

o N T o

Complete this table to show values of V, and V, , for different values of the resistance of R.
One row has been done for you:

Resistance of R / kQ
400

200 +4.0 +9
100
80
50
0

The resistor Ris replaced by a light-dependent resistor (LDR).

e ExplainwhyV,  has ahigh valuein the dark.

f State one change to the circuit so that V, , has a low value in the dark and a high value in
the light.
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Exercise 25.3 Inverting and non-inverting amplifiers

This exercise helps develop your understanding of op-amps when used in more
complicated circuits, in particular to make use of feedback and gain.

1 Anoperational amplifier (op-amp) uses negative feedback in practical amplifier circuits.
a State whatis meant by negative feedback.

b State two effects on the operation of the amplifier of using negative feedback.

2 This circuit shows an inverting amplifier:

60 kQ

1

I

+9V
20 kQ p 9
o /— =
T I
, i
i + i
0.10V : 9V : V.,
__L

The open loop voltage gain of the amplifier is very high.

State what is meant by the open loop voltage gain.

Explain why a high gain means that P can be taken as almost at earth potential (0 V).
Calculate the currentin the 20 kQ input resistor.

Explain why the currents in the 20 kQ input resistor and the 60 kQ resistor are equal.
Calculate V.

Calculate the gain of the amplifier.

State the effective input resistance of the amplifier.

> @ ™ 0 o 0 T 9

Describe what happens to V, . if the input voltage 0.10 V is removed and, instead, a voltage is
applied that changes from —2Vto +2 V.

i Statethevalue of V,, if the input voltage is+6 V.

3 Thiscircuit shows a non-inverting amplifier:

+V

/

Vout

10 kQ
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The voltage gain of the amplifier is +15.

a State the formula for the gain of a non-inverting amplifier.
b Calculate the resistance of the resistor R.
¢ Suggest why there is little current at point P.

The output voltage V, ,is+3.0 V.

d Calculate the input voltage V.
e Determine the potential difference across the 10 kQ resistor.
f State the potential at point P.

Theinput voltage V;, is varied from -1 Vto+1 V.

g Describe what happens to V... You should mention the value of V,, when important changes
take place. (Take care: the supply voltages are £9 V).

Exercise 25.4 Output devices connected
to an op-amp

This exercise helps you to understand what devices can be connected to the output of
an op-amp and why they are needed.

1 Suggest two reasons why a relay is sometimes connected to the output of an op-amp.
m (Think about dangerous electrical situations or where the output of an op-amp is not enough.)

2 Thisdiagram shows part of a circuit to control a mains heater:

Lo =

a Copythediagram and add a relay to the output of the op-amp so that the relay switches on
the heater. Make sure that no current can flow from the mains to the op-amp.

On your diagram, mark the processing unit.

On your diagram, mark the output device.
Explain why the relay is needed in this circuit.
Explain what happens when V, is larger than V..

- 0o o 0 T

Explain what happens when V_is larger than V.
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3 Ared light-emitting diode (LED) is used to indicate when the output of an op-amp is positive and
a green LED is used to indicate when the output is negative.

The two LEDs are connected to the output of an op-amp. Each LED has a safety resistor in series
to reduce the current in the LED.

a Draw adiagram showing the two LEDs connected to the output of the op-amp. Label the
colours on the two LEDs.

The maximum output voltage of the op-amp is+9 V. The red LED is marked as 3.0V, 10 mA.

b Calculate the p.d. across the safety resistor.
¢ Calculate the resistance of the safety resistor.

Exam-style questions

1 Anoperational amplifier (op-amp) is run using + 12 V supplies. The input voltage to the op-amp
is 480 mV and the output voltage is 9.6 V.

a State the maximum output voltage of the op-amp.

—
—
s

Draw a circuit diagram to show the op-amp used to make a non-inverting amplifier.

)

Calculate the voltage gain of the amplifier and suggest suitable values
for the resistance of the resistors in your amplifier. [4]

d Aninverting amplifier uses negative feedback.
i  State whatis meant by negative feedback.

N

ii  Negative feedback reduces the gain of the amplifier. Explain why this is useful.

N

2 Thisdiagram shows an LED and an LDR in a circuit with an op-amp:

+15V

N
N 22 kQ
+12V

-12V
10 kQ 39 kQ2

N
oV

a Copy the symbols for the LED and the LDR and label them. 2]

The potential at P is constant. Describe and explain how the output of the op-amp
changes as the potential at Q changes.

Y

¢ Calculate the potential at P.
At one level of light, the LDR has a resistance of 5.0 kQ.
i  Calculate the potential at Q.

“

@

ii  Determine the output voltage of the op-amp.

—
—
[t

e Explain why the resistor R is required on the output of the op-amp.

N
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3 Thisdiagram shows an op-amp connected to a signal generator:

4.8 kQ
—
600 Q2 +15V
| — _
LT
P '—0
. +
signal Vi, v
generator 15V out
O

The output of the signal generator is a sinusoidal waveform.

a Astudentinvestigates the phase relationship between the input voltage V,, to the op-amp
and the output voltage V, ..

i  State the name of the measuring instrument needed to show the phase relationship
and describe how the instrument is connected to the circuit. 2]

ii  Describe what the student should observe as the phase relationship between the
two voltages. You may draw a diagram if you wish.

N

iii  Atlarge values of V,, the output voltage V, . becomes almost constant. Explain why. [

i)

ut

w

b State three properties of an ideal op-amp.

m ¢ Atoneinstantintime, the value of V, , is+6.0 V.

i Explain why the potential at P is known as a virtual earth.

N

ii  Calculate the currentin the 4.8 kQ resistor.

N

iii  Calculate the value of V.

N



Magnetic fields and electromagnetism

use the idea of a magnetic field as a field of force, represented by field lines

sketch the magnetic field patterns due to a long straight wire, a flat circular coil and a long solenoid

determine the size and direction of the force on a current-carrying conductor in a magnetic field, including the

magnetic field produced by another current-carrying conductor

define magnetic flux and the tesla

describe how the force on a current-carrying conductor in a magnetic field can be measured using a current balance
m describe the effect of a ferrous core on the magnetic field due to a solenoid

_

magnetic flux density: the force experienced per unit length by a long straight conductor carrying unit
current and placed at a point in a magnetic field at right angles to the field
force [F

Equations: flux density = ﬁ; B= T
current X leng

We use magnetic field lines to represent the strength and direction of a magnetic field.
This is an exercise in drawing and interpreting magnetic field lines.

1 Anywire carrying an electric current is surrounded by a magnetic field. This diagram shows a
long straight wire carrying a current upwards from B to A:

A
- current-carrying
wire
i
magnetic

plane at90° field lines
to wire

B
a Describe the shape of the magnetic field lines.
b State whether the field lines, as viewed from A, go around clockwise or anticlockwise.
¢ Whereisthe field strongest? Describe how this is represented in the diagram.
d Describe how the diagram would change if the direction of the current was reversed.
e Describe how the diagram would change if the strength of the current was increased.
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2 Thedirection of the magnetic field lines around a current-carrying conductor can be
determined as follows:

e Gripthewire, curling four fingers around the wire.
e Pointthe thumb along the wire.

a State which hand must be used for this.

b State what the direction of the thumb indicates.

¢ State what the direction of the curled fingers indicates.

3 Astronger magnetic field can be created by winding a wire to form a solenoid. This diagram
shows how to find the direction of the magnetic field lines:

State which hand must be used for this.

State what the direction of the thumb indicates.

State what the direction of the curled fingers indicates.

State three ways in which you could increase the strength of the magnetic field.

a
b
c
d
e

If a second, identical solenoid is placed immediately to the left of the one shown above, will
the two solenoids attract or repel each other? Explain your answer.

f Explain how you could reverse the force that acts between the two solenoids.

Exercise 26.2 Force on a current-carrying conductor

There is a magnetic field around an electric current. When the direction of a current is
across a magnetic field, the two fields interact to produce a force on the current. This
exercise will give you practice in calculating magnetic forces and determining their
directions.

1 Thisdiagram shows a wire carrying a current (directed into the page):

X1

The wire is in a magnetic field due to the two magnets.

a Copythediagram and add the field lines between the two magnets.
b Add thefield lines around the current.
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¢ Addan arrow to show the direction of the force on the conductor.
d Useyourdiagram to explain why the force acts in the direction you have shown.

2 Tofind the direction of the force, it is simpler to use Fleming’s left-hand rule.

a State what the thumb and first two fingers represent in this rule.

b Look at the two diagrams on the right above. For each, decide whether there will be a force
on the current-carrying conductor and state its direction.

3 The magnetic force on a current-carrying conductor is calculated using:

F=8Il

a State the quantity represented by each symbol in this equation. For each, state the Sl unit
(name and symbol).

b The equation is used to define the tesla. Rearrange the equation and use it to express the
teslain Sl base units.

¢ State which quantities in this equation are vector quantities.

Show how the equation must be modified if there is an angle @ between the current and the
magnetic flux.

e Calculate the force on a wire of length 0.40 m carrying a current of 0.30 A which is at right
angles to a magnetic field of flux density 250 mT.

f Draw adiagram to show how the wire could be positioned in the magnetic field so that the
resultant force on it was zero.

4 Theflux density of a magnetic field can be determined by measuring the force on a current-
carrying conductor placed in the field.

a A 10cm length of copper wire carries a current of 200 mA and is directed at right angles to
a magnetic field. The force on the conductor is found to be 8.0 x 107 N. Calculate the flux
density of the field.

The flux density of the Earth’s magnetic field is about 32 uT.
b Calculate the force on a wire of length 1.0 m carrying a current of 5.0 A placed in the Earth’s
field.

¢ Thewire has a mass of 20 g. Explain why the magnetic force on the wire is unlikely to be
noticed in normal circumstances.
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5 Thecurrentbalance s a device used to determine the flux density of a magnetic field. An
example is shown below:

Magnadur magnets
on yoke

N EE N
current current

~ D pivot pivotD RN

stiff copper

AN
/\ \ /\ wire frame

small weight gap

Explain why the frame is made of copper.

Explain why there is a gap in the frame.

State which instrument you could use to measure the current.

Explain how you could determine [, the length of the conductor in the magnetic field.
Explain the purpose of the small weights placed on one end of the frame.

Explain how you would find B with this apparatus.

| =~ o Qo N0 T o

Describe how you would use this apparatus to show that the magnetic force Fis

proportional to the current I.
172

Exam-style questions
1 a Define magnetic flux density. [1]

This diagram shows two identical solenoids, with a current present in each,
placed side by side:

A B
//////////////////////// M

current

b Considersolenoid A. State the type of magnetic pole that it will have at its left-hand end.  [1]
Each solenoid exerts a magnetic force on the other. State whether they will attract
or repel each other. Justify your answer. 2]

d ThecurrentinAis 2 A; the currentin Biis 1 A. What can you say about the magnitudes
of the forces the magnets exert on each other? Explain your answer. 2]
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2 This diagram shows a triangle ABC formed of copper wire, placed in a magnetic field of flux
density 2.8 x 107 T:

30cm

40 cm /50 cm

All
H 1=060A
There is a current of 0.60 A in the wire.

a Calculate the force on side AB and state its direction.
b Calculate the force on side CA and state its direction.
¢ Explain why there is no force on side BC.

NN Y




Charged particles

determine the size and the direction of the force on a charge moving in a magnetic field
derive the expression V, :% for the Hall voltage, where t =thickness

describe and analyse the deflection of beams of charged particles by uniform electric and uniform magnetic fields
explain how electric and magnetic fields can be used in velocity selection
explain the main principles of one method for the determination of v and mie for electrons

_

Fleming’s left-hand rule: if the first finger of the left hand is pointed in the direction of the magnetic
field and the second finger in the direction of the conventional current, then the thumb points in the
direction of the force or motion produced

Equations: F=BQvsinf
F=qgE

=Y
d

2
accelerationin a circle a= VT =%
174 V=rw

F=ma

i
ntq

H

I=Anvg

In this exercise, you need to equate the formula for the magnetic force to the
centripetal force. You also need to understand the various directions of fields and
movement for particles of positive and negative charge.

charge on an electron=-1.6 x10*°C
mass of an electron =9.1 X 1031 kg

mass of a proton=1.7 x 102" kg

1 Lookatthisformula for the force Facting on a charged particle in a magnetic field of flux
density B:

F=BQvsinO

a Statethe meaning of the symbols Q, vand 6.
b Describe what a charged particle must do to experience a force in a magnetic field.

¢ State two situations in which there is no magnetic force on a charged particle, even though
itisin a magnetic field.
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2 Anparticle with charge g and mass m moves in a circular path with velocity v at right angles to a
magnetic field B.

a Show that the radius R of the path is given by: R="%.

Bqg
b Show that the time T for one revolution of the particle is given by: T:Z;t—m.
q

(Remember, the particle is travelling in a circle of circumference 2mr with speed v.)

¢ Derive an expression for the angular speed o of the charged particle in terms of B, g and m.

3 Thisdiagram shows the circular path of an electron moving in a uniform magnetic field that is at
right angles to the circle:

path of
electron A

a State the direction of the force acting on the electron when it is at point A.

Use Fleming’s left-hand rule to find the direction of the magnetic field. (Remember, an
electron is negative and so conventional current is opposite to its motion.)

¢ Explain why the force on the electron does no work on the electron.

The speed of the electronis 1.5 x 10°m s

d Calculate the size of the force acting on the electron.
e Calculate the magnetic flux density of the field.
f Calculate the time taken for the electron to travel once around the circle.

4 Thisdiagram shows a proton entering and leaving a magnetic field:

proton e—p—o——!

The field is at right angles to the page and is uniform inside the square shown and zero
outside it.

a Describe the path of the proton through the magnetic field.

State the direction of the magnetic force on the proton just after the proton enters the
square.

¢ State the direction of the magnetic force on the proton just before the proton leaves the
square.
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d UseFleming’s left-hand rule to find the direction of the magnetic field.

e Thespeed of the proton is 2.5 x 10¢ m s and the magnetic flux density is 0.40 T. Calculate
the size of the magnetic force on the proton. (the charge on a proton =—charge on an
electron)

An electron with the same velocity as the proton is used instead of the proton.

f State two differences in the paths taken by the proton and the electron.

g State two changes that need to be made to the magnetic field for the electron to follow the
same path as the proton.

A proton, travelling at a speed of 4.0 x 10°m s= enters a region of uniform magnetic field, of flux
density 0.15T. The magnetic field is at right angles to the velocity of the proton. Calculate the
radius of the circular track produced.

This diagram shows the path of a positive ion:

region of
magnetic field

/ out of page

detector

path of ion

The ion enters the field with a speed of 4.0 x 10° m s, When the ion is within the magnetic field
of flux density 0.15 T, the force on the ion is 1.9 x 1073 N. The mass of the ion is 2.0 x 107° kg.

a Calculate the charge on theion.
b Calculate the radius r of the circular path.

¢ Anotherion, with the same speed as the original ion, describes a circular arc with a larger
value of . Explain how this is possible.

Exercise 27.2 Electric forces on charged particles

This exercise provides practice in understanding the difference between electric and
magnetic forces.

1

a State which of these factors do not affect the size of the force on a charged particlein an
electric field:

e amountof charge

e speed of movement

e direction of movement
e strength of electric field.
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b A positively charged particle, travelling horizontally, enters a region with a horizontal
magnetic field and then a region with a horizontal electric field. Compare the direction of the
force on the particle and its path in the two fields.

horizontal horizontal
magnetic field electric field
charged particle —_— —
—_— —_—
—_— —_—

¢ Acharged particle, travelling horizontally, enters a vertical magnetic field and then a vertical
electric field. Compare the direction of the force on the particle and its path in the two fields.

vertical vertical
magnetic field electric field
charged particle T T T T
—_— —_

A charged particle of mass 6.6 x 102" kg and charge +3.2 x 10*° C enters the uniform electric
field between two parallel plates in a vacuum, as shown:

+V
metal plate

—

L

metal plate =

path of particle

The electric field between the plates has magnitude 2.0 x 10"V m~ and is zero outside the
plates.

a Describe what happens to the horizontal speed of the particle as it moves between the
plates.

b Describe what happens to the vertical speed of the particle as it moves between
the plates.

¢ Describe what happens to the direction of the acceleration of the particle as it moves
between the plates.

Explain why the path of the particle in the electric field is not circular.
Calculate the vertical acceleration of the particle due to the electric field.
Suggest why gravity has little effect on the particle in the experiment.

Another particle with the same charge but with twice the mass enters the parallel plates with
the same speed as the original particle.

g Describe the path taken by the new particle.

h State two ways in which the apparatus can be modified so that the new particle has the
same track as the original particle.

i Explain how your modifications in h produce the same acceleration for the more massive
particle.
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Exercise 27.3 The Hall effect

This exercise develops your understanding of the idea of an electron passing
undeviated through a field, and of the formula that involves mean drift velocity.

The charge on the electron,e=-1.6 X 10*° C.

1 Describe whatis meant by the Hall effect.

2 Aconventional current enters face P of a thin slice of a semiconductor. Only electrons flow
in the thin slice. A magnetic field B acts downwards.

fac:e R g

current enters \l current leaves
face P b . face Q

face S

State the direction of movement of the electrons as the current enters face P.

Use Fleming’s left-hand rule to find the direction of the magnetic force on the electrons.
Explain which face becomes negatively charged due to the Hall effect.

State where a voltmeter should be connected to measure the Hall voltage.

T O 0 T 9

The equation gk =Bqvis used in explaining the Hall effect. State the meaning of the two
terms gE and Bqv.

178

-~

Explain why the two terms are equal.

g Show how the equation g£ = Bgv is used to derive the expression for I/, the Hall voltage,
given by V, = %, where tis the thickness of the slice. You will need to use the electric field
formula for parallel plates and the formula for current in terms of the mean drift velocity of
the electrons, as well as recognising that the area A=dt.

h The currentin the filmis 0.042 A, t=0.9 mm, d =10 mm, the Hall voltage is 2.0 x 10~V and
the concentration of free electrons in the semiconductor is 1.5 x 10 m=. Calculate the
magnetic field strength, B.

i Calculate the electric field strength in the slice due to the Hall effect voltage.
j Calculate the mean drift velocity of the electrons.

3 Thisdiagram shows a Hall probe placed near a wire carrying a direct current:

Hall probe

currentin
wire

The Hall voltage is +1.6 mV.

a State the cause of the magnetic field that produces the Hall voltage in the probe.

Explain why the Hall voltage is zero when the coil rotates 90° about the axis AB from the
position shown.

¢ Explain why the Hall voltage is 1.6 mV when the coil rotates 180° about the axis AB from the
position shown.

d Explain why the Hall voltage decreases when the probe is moved towards B along the line AB.
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Other measurements made with the probe were:
e currentinthe Hall probe =100 mA
e thickness,t=1.0mm
e width,d=6.0mm
o fluxdensity of magnetic field =0.080 T. (Remember, 1 mm =10"m and 1 mA=10=A).
e Calculate the number density of free electrons in the Hall slice. Remember to give the unit.
Calculate the mean drift velocity of the free electrons in the Hall slice.

g Calculate the mean value of the magnetic force on a free electron at it moves through
the slice.

h Calculate the value of the electric force on each free electron at it moves through the slice.

4 The Hall effect can be shown with a thin strip of metal. A copper strip of thickness 1.0 mm
carries a current of 25 A at right angles to a magnetic field of 2.5 T. The Hall effect voltage is
6.0x107°V.

a Calculate the number density of free electrons in copper.

Explain why Hall voltages obtained with metals are smaller than with semiconductors of the
same dimensions and with the same current. Use ideas about the number density of free
electrons and the velocity of the charge carriers.

Exercise 27.4 The velocity selector

The questions in this exercise about the velocity selector always involve an electric
field and a magnetic field, both at right angles to a particle’s velocity. Think carefully
about the directions of the forces of the fields on the charged particle.

1 Thisdiagram shows a source of ions. The ions accelerate and pass through a velocity selector:

500V oV velocity
+ selector
- ion
+ accelerator

ion source

Within the parallel plates, both the magnetic field and the electric field are uniform. The
magnetic flux density is 0.12 T and the electric field strength is 2.4 x 10V m.

Positive ions flow upwards. The deflection of the ions due to the electric field between the
plates is cancelled by the deflection caused by the magnetic field in the same region.

State the direction of the magnetic force on the ions in the magnetic field.
State the direction of the magnetic field within the plates.
Calculate the velocity selected.

o 0 T o

Write down an equation relating the speed of the electrons v to the electric field £ between
the plates and the magnetic flux density B when the ions are not deflected within the plates.

(0]

Calculate the separation of the plates. The p.d. across the plates is shown on the diagram.

f Explain, in terms of the magnetic force and the electric force on the ion, what happens when
anion of larger speed than the value in d passes into the velocity selector.
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2 Electrons with speed vand charge e travel in a vacuum between two narrow slits S, and S,.

S1 S,
A A
beam of -
electrons
J J
electric
field E

Between the slits, there is a magnetic field B and an electric field £, both of which are uniform.
Only the electric field direction is shown in the diagram. The electron passes in a straight line
between the slits.

a State the expression for the force Facting on a charged particle due to the electric field.

b State the expression for the force F acting on a charged particle due to the magnetic field.

The electric field acts upwards in the plane of the paper, as shown in the diagram. The electrons
pass undeflected through the region between the slits.

¢ Statethedirection of the electric force on the electron.
d State the direction of the magnetic field.

m e Explainhow itis possible for the electron to be undeflected.
An alpha-particle with speed v passes along the same path as the electron.

f Explain, in terms of the forces acting why the alpha-particle is also undeflected. Remember,
an alpha-particle has charge +2e.

The magnetic flux density is increased further. The electric field strength is unchanged.

g Explain why the electrons do not pass in a straight line between the slits.

Exercise 27.5 The charge-to-mass ratio of a particle

The specific charge of a particle is the ratio g/m of the charge to the mass of the
particle. This exercise shows how this ratio can be found in a number of ways, either by
finding the speed of a charged particle or by using the kinetic energy of the particle.

charge on an electron=-1.6 x 10°C
mass of an electron =9.1 x 103 kg
mass of a proton =1.7 X 102" kg

1 Calculate the charge-to-mass ratio of:

a anelectron
b aproton
¢ an alpha-particle (remember this is two protons and two neutrons).
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2 Aproton and an electron with the same speed enter a magnetic field. Explain in terms of the
forces and accelerations why the deflection of the proton is less.

3 Show that the specific charge of a particle moving in a circular path of radius r with speed v at
right angles to a magnetic field of flux density Bis v/rB.

4 Acharged particle has a circular path of radius 20 cm in magnetic field of flux density 0.85T.
If the speed of the particle is 8.0 x 10°m s7, calculate the specific charge of the particle.

5 Outline how a velocity selector and another magnetic field can be used to find the specific
charge on an electron.

6 Acharged particle of charge g and mass m is accelerated from rest through a potential
difference V. The final speed is v.

a Explainvvhyq\/:%mv2
b Show that:

2
m

V=

¢ Thecircular path of the particle in a magnetic field of flux density B has radius . Show that:

a8
m

d Combining the equations in b and ¢, derive an expression for g/m, the ratio of charge to mass
interms of V, r and B.

e Outline how the formula obtained in d can be used to find the ratio of charge to mass for
an electron.

7 Anparticleis accelerated from rest through a potential difference of 800 V. The specific charge of
the particle is 4.7 x 10" C kg™. Calculate the final velocity of the particle.

Exam-style questions

1 Acharged particle of mass m and charge g travels in a vacuum at constant speed v. It enters a
magnetic field of flux density B. The initial angle between the direction of the magnetic field and
the motion of the particle is 90°.

a Explain why the path of the particle is a circle in the magnetic field. 2]
b The radius of the circular path is . Show that the ratio % is given
by the expression g [3]
m  Br

¢ Abeam of electrons enters a uniform electric field produced by a p.d. of 800 V
applied across two parallel plates 40 mm apart. The beam is deflected by the
electric field until a uniform magnetic field of 0.80 mT perpendicular to the beam
is applied, which cancels the deflection and the beam then passes in a straight line.
Calculate the speed of the electrons. 2]
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2 When a gamma-ray photon passes close to a nucleus, a positron and an electron can be
formed. This diagram shows the tracks of the electron and positron in a magnetic field at right
angles to the plane that contains their movement:

electron

positron

The speed of the electron is known to be equal to the speed of the positron. The tracks start as
circles but become spirals.

a Explain how the diagram shows that the charge on the positron is positive. 2]
b Explain how the diagram shows that the specific charge (the ratio of charge

to mass) of the two particles is equal. [2]
¢ Suggest what is happening to the speed of the particles to cause the paths

to be spirals rather than circles. Give a reason for your answer. [2]

3 InaHall effect experiment, a current of 15 A passes through a thin strip of copper of thickness
0.10 mm, as shown:

face A
| .
J copper strip
182
15A 15A
—.— -—.—

face B, behind copper

A Hall voltage of 8.8 uV occurs between the two smaller faces, A and B, at the top and bottom of
the strip. This is produced by a magnetic field of flux density 0.80 T acting on the strip. Face B is
more positive than face A.

a State the direction of the magnetic field acting on the copper strip.
Explain your answer. 2]

b Explain why:
i electrons passin a straight line through the strip, even though there
is a magnetic force acting on them

—
—
[l

i increasing the currentincreases the Hall voltage.

N

¢ Calculate the number density of free electrons in the copper. 2]



Electromagnetic induction

define magnetic flux, magnetic flux linkage and the weber
recall and use @=BA
infer from appropriate experiments on electromagnetic induction:
- that a changing magnetic flux can induce an e.m.f. in a circuit
- that the direction of the induced e.m.f. opposes the change producing it
- the factors affecting the magnitude of the induced e.m.f.
recall and solve problems using Faraday’s law of electromagnetic induction and Lenz’s law
explain simple applications of electromagnetic induction

_

Faraday’s law of electromagnetic induction: the induced e.m.f. is proportional to the rate of change
of magnetic flux linkage

Lenz’s law: an induced current or e.m.f. acts in such a direction so as to produce effects which oppose
the change producing it

magnetic flux: the product of the magnetic flux density perpendicular to a circuit and the cross-
sectional area of the circuit

magnetic flux linkage: the product of magnetic flux through a coil and the number of turns in a coil

weber: the flux that passes through an area of 1 m? when the magnetic flux density is 1 T. It is also the
flux change per second linking a 1 turn coil which produces 1V in the coil

Equations: flux ®=BA
flux linkage = N@ = NBA

induced e.m.f. V:M
At

This exercise explores the meanings of the terms flux, flux density and flux linkage,

and some of their applications. You will need to think clearly about the angle between
a coil and a magnetic field. This angle may be the angle between the plane of the coil
and the field or between the normal to the plane of the coil (the axis of the coil) and the
field. These angles are not the same.

1 Match the terms with the correct definitions:

magnetic flux the magnetic flux that passes through an area of 1 m?
when the magnetic flux densityis 1 T

magnetic flux linkage magnetic flux through a circuit times the number of turns

magnetic flux density the magnetic flux density perpendicular to a circuit
multiplied by the cross-sectional area of the circuit

the weber the strength of a field equal to the force per unit length on
awire carrying unit current at right angles to the field
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2 Magnetic fields are drawn with magnetic field lines that pass through coils. The field lines are
sometimes close together and sometimes far apart.

a Describe briefly the difference between magnetic flux density, magnetic flux and magnetic
flux linkage in terms of magnetic field lines.

b State the units of magnetic flux, magnetic flux density and magnetic flux linkage.

The primary coil of an ideal transformer carries a direct current. Suggest why the magnetic
flux through the primary and secondary coils is the same but the magnetic flux linkage is
different.

3 Aphysicisthas aring of area 1.8 x 10~ m? The Earth’s magnetic field is 5.0 x 10~ T.

a Describe how she places the ring so that the magnetic flux through the ring is as large as
possible.

b Calculate the maximum value of the magnetic flux through the ring.

Explain why the magnetic flux linkage and the magnetic flux through the ring are
the same.

4 Aflatcoil of Nturns has area A. The coil is placed so that the plane of the coil isatan angle 8 to a
magnetic field of magnetic flux density B:

/ /
m areaA

Use the definition of magnetic flux and magnetic flux linkage to show that the magnetic flux
linkage through the coil is NBA sin 6.

B

5 Acoilof cross-sectional area 2.5 x 10~ m?is placed in a magnetic field of magnetic flux density
0.028 T. Calculate the magnetic flux through the coil when the plane of the coil is:

a perpendicular to the field
b at0°tothefield
¢ at30°to the field.

6 Asquare coil of side 2.0 cm has 50 turns. It is placed in a magnetic field of magnetic flux density
2.8 x 107 T. Calculate the flux linkage through the coil when the angle between the plane of the
coil and the field is 35°. (Take care: the units of area have to be in m?).

7 Acoil of cross-sectional area 2.0 x 10 m?is placed in a field of magnetic flux density 0.010 T.
The magnetic flux linkage through the coil is 3.0 x 10™ T. Calculate:

a the magnetic flux through the coil
b the number of turnsin the coil.
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Exercise 28.2 Faraday’s and Lenz’s laws

1 Describe an experimentin which Faraday’s law of electromagnetic induction is demonstrated.
You should include:

a alabelled diagram of the apparatus

b anexplanation as to how the results or observations demonstrate Faraday’s law.

2 A magnetis dropped vertically through a coil of wire. This diagram shows the current induced
in the coil with time:

S +
Current

Time

The currentin the coil makes the coil into an electromagnet.

a Statewhythereis aninduced currentin the coil.

As the N-pole approaches the top of the coil, state whether the top of the coil is a N-pole or a
S-pole. Explain youridea using Lenz’s law.

¢ Asthe S-pole leaves the bottom of the coail, state whether the bottom of the coil is a N-pole
or a S-pole. Explain your idea using Lenz’s law.

d UseFaraday’s law to explain why the negative peak is larger in value than the positive peak.
State two changes that could be made to the experiment to increase the induced current.

3 Agenerator contains a coil rotating in a magnetic field, as shown:

field lines

- . -

= L= >

rotation /~ Y >
]

/

I 577 7
% —

/A4
Xy v Y X

<
Y

Y

Y
Y

a Useideas about the magnetic flux through the coil to explain why there is an induced e.m.f.
in the coil.

b Use Faraday’s law to explain why the induced e.m.f. is a maximum when the coils are
horizontal in the diagram.

¢ State two ways in which the size of the induced e.m.f. can be increased. Explain your answer
using ideas about flux linkage and Faraday’s law.
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Exercise 28.3 Faraday’s law in more detail
This exercise provides more practice in performing calculations using Faraday’s law.

1 Which three of these units are equivalent to Wb s, the rate of change of flux linkage?

o Jst

o JC?

o Vst

o V

e Tm’s™?
o Tm’

2 Acoilwith a total resistance has 50 turns and an area of 8.0 x 10~ m?. The coil is placed
perpendicular to a uniform magnetic field of 0.20 T.

a Calculate the total flux linkage through the coil.

Calculate the induced e.m.f. if the magnetic field is reduced to zero in 50 ms.
(Ims=10=5)

¢ Calculate theinduced e.m f. if the magnetic field is reversed in 50 ms.

3 Acoilhas 3000 turns and a cross—sectional area of 2.0 x 10~ m?. Calculate the change in
magnetic flux density every second that causes an induced e.m.f. of 12V in the coil.

4 Acoil with 200 turns and cross-sectional area 1.6 x 10~ m?is placed in a uniform magnetic
field of flux density 0.090 T. When the coil is pulled out of the magnetic field, the average e.m.f.
induced in the coil is 15 V. Estimate the time taken to pull the coil out of the magnetic field.

5 Asingle loop of wireis placed perpendicular to the uniform magnetic field produced by an
electromagnet. The loop of wire has resistance of 3.6 Q and area of 6.0 x 10™ m?. When the
electromagnet is switched on, it takes 0.6 s to reach a magnetic flux density of 5.0 x 10= T within
the coil.

a Calculate the average current that flows in the wire in the 0.6 s after the electromagnet is
switched on.

b Explain why the currentis zero in the loop of wire when there is a steady current in the
electromagnet.

6 The magnetic flux through a coil varies regularly with time as a sine wave. The maximum value
of the flux through the coil is + 6,. Explain why:

a Theinduced e.m.f.inthe coil is zero when the flux has the value + 6,.
b Theinduced e.m.f has the largest value when the flux is zero.
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7 Thisdiagram shows how the magnetic flux linkage through a coil varies with time:
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x
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Time / ms
Calculate the induced e.m.f. between:

a 0and100ms
b 100and 300 ms
¢ 300and 500 ms.

8 This graph shows the variation of flux linkage through a coil with time:

2.0

Q0
= 10
(V)
oo
< 0.0
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-2.0

Time / ms

a State atime at which the e.m.f. induced in the coil has a maximum value.
b State atime at which the e.m.f. induced in the coil is zero.
¢ Statethe physical quantity that is equal to the gradient of the graph.
d Take readings from the graph to estimate the maximum value of the e.m.f. induced in

the coil.
(You can place a ruler along the curve at the point where the e.m f. is largest.)

e Ifthecross-sectional area of the coilis 1.6 x 10 m?and it contains 500 turns, calculate the
maximum value of the magnetic flux density.
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1 a i Statelenz’slaw. (2]

ii  You have available a coil of wire, a sensitive ammeter and a bar magnet. Describe
a simple experiment using this apparatus to illustrate Lenz’s law. 2]

b An electromagnet produces a uniform field from left to right in the gap between its poles.
The gap has sides 0.050 m x 0.080 m and there is no field outside the gap. A circular coil of
40 turns surrounds all of the magnetic flux, as shown:

0.080'm | a—
I
0.050m | N > S

The ends of the coil are connected together so that an induced e.m.f. in the coil produces a
current in the coil.

The magnetic field of the electromagnet falls linearly from 0.15 T to zero in a time of 3.0 s.

i Calculate theinitial flux linkage through the coil. 2]
ii  Calculate the induced e.m.f. in the coil as the magnet field decreases. [2]
188 iii ~ State and explain the direction of the magnetic field created by the current
in the coil when the field of the electromagnet decreases. [2]
2 a State Faraday’s law of electromagnetic induction. 2]

b Acoilis connected to a sensitive voltmeter with an analogue display. A bar magnet is pushed
into the coil and then removed at the same speed.

i State the effect this action has on the voltmeter reading. [2]
ii  Explain these observations, using Faraday’s law. [2]

iii The action is repeated at a higher speed. State and explain what difference
you would expect to see in the response of the voltmeter. 2]

¢ Avrectangular coil is rotating at constant angular speed with its axle perpendicular to a
uniform magnetic field of 0.15 T:

uniform
axle magnetic
field of

30° 0.15T

At the instant shown, the angle between the plane of the coil and the magnetic field is 30°.

The coil has 50 turns and has a cross-sectional area of 4.0 x 10~ m?.

i Calculate the flux through the coil in the position shown. 2]
i The coil moves from the position shown to a position where the flux through

the coil is zero. The change takes a time of 0.25 s. Calculate the average value

of the induced e.m.f. in the coil. [2]
iii  Explain why the induced e.m.f. is not constant even though the coil is turning

at a constant angular speed. 2]



Alternating currents

understand and use the terms period, frequency, peak value and root-mean-square value
deduce that the mean power in a resistive load is half the maximum power
represent a sinusoidally alternating current or voltage by an equation of the form x=x, sincwt

recall the relationship I:% and use it to solve problems

describe the operation of a transformer and the sources of energy loss

. I .
recall and solve problems using %:%:I—" for an ideal transformer

P P

describe the advantages of alternating current and high voltage for the transmission of electrical energy

explain and distinguish between half-wave rectification and full-wave rectification, and describe the use of a capacitor
in smoothing

_

root-mean-square (r.m.s.) current or voltage: the square root of the average value of the square of
the current or voltage; numerically equal to the steady d.c. current or voltage that produces the same
heating effect in a pure resistance

half-wave rectification: the conversion of one half of a cycle of an alternating current into a direct
current, in only one direction

full-wave rectification: the conversion of both halves of a cycle of an alternating current into a direct
current, in only one direction
IO
Equations: [, =—F
rms \/5

X=X, Sinwt
Ns _£ IP
N, v, T

S

P=VI=I°R

This exercise gives you practice in using the terms used to describe alternating current
and in understanding the difference between alternating and direct current.

1 Distinguish between direct current and alternating current.

2 Analternating voltage is connected to a resistor. Explain how heat is produced in the resistor,
even though the average current is zero and there is a current in both directions.

3 Explain whatis meant by the r.m.s. value of an alternating current. Include in your ideas the
heating effect of the alternating current.

1
4 Usingtheformulal,, = —02 show that:

for a.c., maximum power converted in resistor -

average power converted in resistor
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5 This graph shows the alternating p.d. (voltage) across a resistor:

200
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\ \
-150

-200
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Time/s

The resistance of the resistor is 50 Q.

Use the graph to calculate:

the period of the alternating voltage
the frequency of the supply

the peak voltage

ther.m.s. voltage

the average voltage

the peak current

the r.m.s. current

o m =~ o o 060 T 9

the peak power

the average power.

6 Unlessstated otherwise, electrical ratings are r.m.s. values.
An electrical device is rated at 250 V, 1000 W.
Calculate:

the peak voltage

the rm.s. current

the peak current

Q 0 T o

the peak power.

7 Analternating current, I'is defined by the equation:
I=1,sin ot
where I, is the peak current and w is the angular frequency of the supply.
For a particular circuit, I=4 sin 200t where I'is measuredin Aand tinss.
Calculate:
a the peakvalue of the current

b therm.s.value of the current
¢ thefrequency of the supply.
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Exercise 29.2 The transformer

This exercise gives you practice in describing how a transformer works and with the
equations that are used with an ideal transformer.

1 Thisdiagram shows asimple transformer:

iron core

secondary coil,

Zri[cnary coil, / N, turns
, turns

-<— ua<

Explain how an e.m.f. isinduced in the secondary coil.

State why the transformer does not work if a d.c. voltage is applied to the primary coil.
State what is meant by an ideal transformer.

Explain how induction causes the production of heat in the core.

Explain why the core is laminated (made out of thin sheets).

Apart from heat produced in the core by induction, state one other source of energy loss.

m = 0o O 0 T 9

Suggest why thicker wire is used for the coil with the larger current.

2 Anideal transformer has 6000 turns on its primary coil. It is to be used to convert 230V t0 9.0 V.
Calculate the number of turns on the secondary coil.

3 Anideal transformer has 200 turns on the primary coil and 6000 turns on the secondary coil.
Itis connected to a resistor. The root-mean-square input voltage to the primary coil is 6.0 V.
Calculate the peak voltage across the secondary coil. (Hint: find the r.m.s. voltage first.)

4 Anideal transformer steps down voltage from 240V to 16 V. The r.m.s. current in the secondary
coilis 3.3 A. Calculate the rm.s. current in the primary coil.

5 Electrical power is transmitted over a long distance from a generator to some equipment. The
cables have a total resistance of 0.20 Q and the current is 0.50 A.

—_— —_— -
generator cables of total resistance 0.20 Q equipment230V,0.5A
0.50A

a Calculate the power loss in the cables. (Take care: the p.d. across the 0.20 Q is not 230 V).

Ideal transformers are used at either end. There is a p.d. of 2300V at one end of the cables
between points P and Q. A transformer steps this voltage down to 230V for the equipment,
which still draws 0.50 A.

p 0.50A
N 1 .
generator || cables of resistance 0.20 Q 2300V || equipment230V,0.5A

transformer Q
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Calculate the currentin the cables.
Calculate the power provided to the equipment.
Calculate the power lost in the cables.

o o 0 T

Explain in words how this example shows why electrical power is transmitted at very high voltages.

Exercise 29.3 Rectification

Many applications of alternating current require its transformation to direct current.
This exercise gives practice in understanding full-wave and half-wave rectification.

1 Describe the process of half-wave rectification using a single diode.

2 Analternating signal of peak voltage 6.0V is connected in series to an ideal diode and a pure
resistor. An ideal diode has infinite resistance when not conducting and no p.d. across it when
conducting.

a State the maximum voltage across the diode during one cycle.
b State the voltage across the resistor when there is the maximum voltage across the diode.

3 Thisdiagram shows a full-wave bridge rectifier:

192

Complete these sentences to explain which diodes the current passes through:

a When the AC supply makes A positive and B negative, the current flows in diodes __and __
When the AC input makes B positive and A negative, the current flows in diodes __and __
The current from the supply is but the currentinRis

4 a Describe the difference between the voltage obtained after half-wave rectification and after
full-wave rectification

b State one advantage of full-wave rectification when compared to half-wave rectification.
Explain what is meant by smoothing the voltage obtained after rectification.
Explain how a capacitor is used to smooth the voltage obtained after rectification.

5 An alternating signal is connected to an ideal full-wave rectifier. This diagram shows the voltage
across a load resistor connected to the output:

Voltage /V A one-half of

original cycle

peak voltage -
minimum voltage -W
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The voltage is partially smoothed by a capacitor across the resistor.

Remember 1 ms=0.001s.

a

Determine the length of time in each half-cycle during which the capacitor is charging.
Determine the length of time in each half-cycle during which the capacitor is discharging.

Calculate the frequency of the original alternating supply. As the original waveform is full-
wave rectified, you need to work out the time for the whole of an original cycle and then
calculate frequency.

The resistance of the resistor is increased and the output is smoother.

> @ = 0o Qo

State what happens to the peak voltage reached.

State what happens to the minimum voltage during one cycle.

State what happens to the time taken to charge the capacitor in each half-cycle.
State what happens to the time taken to discharge the capacitor in each half-cycle.

State what change in the capacitor would produce the same change as increasing the
resistance of the resistor.

Exam-style questions

1 Thealternating mains electricity supplied to a house has a root mean square voltage V.., of
230V and a frequency of 50 Hz.

a

b

—
—
f

i  State what is meant by root mean square voltage.

o)

ii  Calculate the peak value of the supply voltage V.
iii  Calculate the mean voltage V. [1]
The alternating supply is connected in series with a resistor of resistance 5.9 k€.

Calculate the peak power dissipated in the resistor. [2]
Sketch the graph of the supply voltage against time for two complete periods.

Label the axes with appropriate values. [2]

2 This diagram shows a transformer used to provide power to a lamp:

primary coil ( ~ , Soft-iron core

230V <§>

secondary coil
J
Use Faraday’s law of electromagnetic induction to explain how the transformer works. [3]
Suggest why:
i thereis asoft-iron core [1]
ii thecoreislaminated. [1]

The transformer has 1600 turns in the primary coil and is connected to the mains supply which
has an rm.s. value of 230 V. The peak voltage across the secondary coil is 13 V. The electrical
power supplied to the transformer is 15 W. Assuming the transformer is ideal, calculate:

o)

i  thenumberofturnsin the secondary coil

N

ii therm.s. currentin the primary coil

N

iii therm.s. currentin the secondary coil.

State two advantages of the use of alternating voltage for the transmission
of electrical power. (2]
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3 Thediagram shows how the output voltage V across a load resistor, connected to a power
supply, varies with time. Inside the power supply, an alternating voltage is connected to a
rectifier and a capacitor. The capacitor is connected in parallel to the load resistor.

V/V

1.0 N

0.8

0.6

0.4

0.2

0 0 0.01 0.02 0.03 0.04 t/s

a State:
i howthediagram shows that the current in the load resistor is direct current

—
—
[l

ii  thetype of rectifier used.

—
—
[l

b The diodes used in the rectifier are ideal diodes. Determine the original alternating
supply’s:
i peakvoltage

m ii  root-mean-square voltage
iii

frequency.

NN =
NN =

¢ Explain why the output voltage rises and falls, and suggest how the smoothing
can be increased using the same load resistor. [4]



Quantum Physics

describe evidence for the particulate and wave nature of electromagnetic radiation
recall and use E = hf
explain the photoelectric effect in terms of photon energy, work function energy and the threshold frequency, and
recall use and explain the significance of hf = ¢+%mV§m
m explain why the maximum photoelectric energy is independent of intensity, whereas the photoelectric current is
proportional to intensity
explain how discrete electron energy levels in isolated atoms produce spectral lines
distinguish between emission and absorption line spectra

recall and solve problems using the relation hf=E; — E,

describe band theory using the terms valence band, conduction band and forbidden band (band gap), and use it to
explain the temperature dependence or light dependence of resistance in some materials

describe and interpret the evidence provided by electron diffraction for the wave nature of particles

recall and use the relation for the de Broglie wavelength 1 = g

_

photoelectric effect: the emission of an electron from the surface of a metal when light shines on the
surface

threshold frequency: the minimum frequency of electromagnetic radiation that will eject electrons
from the surface of a metal

photon: a particle of electromagnetic radiation containing a discrete amount of energy

quantum: the smallest amount of a quantity that exists independently, particularly the smallest
amount of electromagnetic radiation that can be emitted or absorbed

work function: the minimum energy required by a single electron to escape from a metal surface
emission line spectrum: a pattern of bright lines or discrete wavelengths emitted by atoms

absorption line spectrum: a pattern of dark lines or discrete wavelengths caused by the absorption
of electromagnetic radiation

valence band: a range of electron energies in a solid in which electrons are bound to individual atoms

conduction band: a range of electron energies in a solid in which electrons are free to move
throughout the material

forbidden band (band gap): a range of energy values which an electron in a solid cannot have
de Broglie wavelength: the wavelength associated with a moving particle
Equations: c=fA

E=hf
hf=¢+%mv§m
hf=E,—E,

fedl

P
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Exercise 30.1 Light: wave or particle?

You can imagine the wave properties of light by thinking of light as an oscillating
electric and magnetic field moving through space, just as a boat on the surface of
water oscillates as a water wave moves through water. You can imagine the particle
properties of light by thinking of light as many cars all moving at the same, fast speed
along aroad, carrying energy. This exercise is about these ideas.

The Planck constant, h=6.63 x 1034 Js.
1 Light shows wave properties such as reflection, refraction, diffraction and interference.

a State which two of these properties best suggest that light is a wave rather than a particle.

b Describe how the dark positions in Young’s double-slits pattern can be explained if light is a
wave, but cannot be explained if light is a series of particles.

2 a Describe what happensin photoelectric emission.
Describe an experiment that demonstrates photoelectric emission.

3 Thewave theory tries to explain photoelectric emission as the slow absorption of energy by
electrons from the wave, eventually giving them enough energy to escape. However, various
observations in photoelectric emission suggest that light has particle properties, one of which is
thatthereis a threshold frequency.

a State whatis meant by threshold frequency.

b Explain how itis difficult to explain a threshold frequency using wave theory.

¢ Explain how threshold frequency is explained in the particle theory, if the energy of the
photon depends on frequency.

d State two other observations about photoelectric emission that suggest light has particle
properties.

4 Thelight from alamp is made brighter but the colour is kept the same.

a Usewave theory to state what happens to the amplitude, frequency and speed of the light.

b Use particle theory to state what happens to the energy of a photon and the number of
photons emitted per second.

The light causes photoelectric emission. The light intensity is steadily increased.
¢ State what happens to the maximum energy of the emitted electrons.

d State what happens to the number of electrons emitted per second.

5 Light from a source does not cause photoelectric emission when it hits a metal surface. A
student suggests making the light brighter will then allow photoelectric emission to occur.

a Usethe particle theory to explain why this is wrong,.

b Suggesttwo changes that may allow photoelectric emission to occur.

6 a Calculate the energy of a photon with a frequency of 6.0 x 10 Hz.
b Calculate the energy of a photon with a wavelength of 4.0 x 107 m.
7 Alampemits 10 J of energy each second as light of frequency 5.0 x 10 Hz.

a Calculate the energy of one photon of this light.
b Calculate the number of photons emitted per second.
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8 Lightisincident on a metal surface, and causes photoelectric emission. The frequency of the
light is increased, but the total amount of light energy incident on the surface each second is
constant.

State what happens to the energy of each photon.
State what happens to the number of photons per second in the incident light.
State what happens to the rate of emission of the electrons from the surface.

Q 0 T 9

State what happens to the maximum kinetic energy of an electron emitted from the surface.

Exercise 30.2 The photoelectric equation

This exercise provides practice in understanding and using the photoelectric equation.
energy of photon = work function energy + maximum kinetic energy of electron emitted
speed of electromagnetic radiation,c=3.0 x 108 m s

The Planck constant, h=6.63 x 1034 J s

1 Explain the term photon.
State what is meant by work function energy.

Explain why the equation gives a maximum value for the energy of the emitted electron.

o N T 9

Suggest why only a few electrons are emitted with the maximum kinetic energy.

2 Photons with energy 1.2 x 107¢ J are incident on a metal surface. The maximum energy of
electrons emitted from the surface is 5.0 x 10° J. Calculate the work function of the metal.

3 Radiation of wavelength 3.0 x 107 m falls on a sodium surface. Sodium has a work function of
3.6 x 107 J. Calculate the maximum kinetic energy of the electrons emitted.

4 |n a photoelectric experiment, electrons of maximum kinetic energy 1.5 x 107° J are emitted
from a metal surface of work function 3.2 x 107 J. Calculate the frequency of the incident
radiation.

5 When light of frequency 5.3 x 10 Hz is incident on a metal surface, electrons are emitted with
almost zero kinetic energy.

a State the threshold frequency of the material of the surface.
Calculate the work function of the surface.

Calculate the maximum kinetic energy of electrons emitted when light of frequency
6.0 x 10" Hz is used.

6 When electromagnetic radiation of wavelength 400 nm strikes a metal surface, the
maximum kinetic energy of the emitted electrons is 1.2 x 107 J. Calculate the work function
of the metal.

7 Thework functions of sodium and zinc are 3.6 x 107° J and 6.9 x 107° J respectively. Explain
why only one metal emits electrons when light of frequency 6.0 x 104 Hz is incident on
the surface.
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8 This graph shows the variation with frequency f of the maximum kinetic energy £, of the
electrons emitted from the surface of a metal:

12

8

E/10719J
N

o

0 1.0 2.0
f/ 10 Hz

a Usethe photoelectric equation to show that the gradient of the graph is equal to Planck’s
constant.

b Obtain avalue for Planck’s constant from the graph.
State how the work function energy ¢ can be obtained from the graph.

Obtain a value for the work function energy.

Imagine that the graph is redrawn for a metal with a smaller work function.

e State how the gradient and intercept of the new graph compare with the old graph.

m Exercise 30.3 Line spectra and band theory

This exercise tests your understanding and interpretation of line spectra, and gives
you practice calculating energies including band gaps.

1 Thisdiagram shows energy levels of the hydrogen atom:

Energy /10718
A

0 —
—-0.06 +
-0.09 +

-0.14 +

-0.24 4

—0.54 +

-2.18 -

An electron is on the energy level at —0.24 x 1078 J. The electron can emit or absorb a photon to
change levels.
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a Complete this table to show the energy of the photon, and state whether the electron emits
or absorbs a photon to move to the new level:

Energy of new level | Energy of photon emitted or Does the electron emit or absorb a
absorbed photon to move to the new level?

-0.54x 1078

—-0.14x 10718

—2.18x 107 J

—0.09%x 1078

b Apart from absorbing a photon, suggest two other ways in which the electron can be made
to move to a higher level.

2 a Describe the difference between an emission line spectrum and an absorption line spectrum.

b Explain why the lines in an emission line spectrum of a gas occur at the same wavelengths as
the lines in the absorption line spectrum of the same gas.

¢ Describe how to show an emission line spectrum of a gas.
Describe how to show an absorption line spectrum of a gas.

3 Thisdiagram shows four energy levels of the helium atom:

Energy /107°J 4
0 4

24 1
-3.0 4

-58 +

-7.6 +

An emission line spectrum is formed when electrons move between these levels.

a Show how six different lines are found in the spectrum involving these levels.
State the two levels associated with the line in the spectrum with the highest frequency.

For the line in the spectrum with the highest frequency, calculate the energy of the photon
emitted.

d State the two levels associated with the line in the spectrum with the highest wavelength.

4 Red light of frequency 5.0 x 10* Hz is incident on a light-dependent resistor (LDR).
The forbidden band (band gap) between the valence and conduction bands of the LDR is 1.5 eV.

a Explain what is meant by the forbidden band.
Show that the energy of a photon of the red light is greater than the band gap energy.
Explain, using band theory, what happens when the light is incident on the LDR and why the
resistance of the LDR decreases as the intensity of the red light increases.

d Calculate the minimum frequency of radiation that causes electrons to move across the
forbidden band.
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5 Thisdiagram shows the valence and conduction bands in silicon, an intrinsic semiconductor:

conduction band
t band gap

valence band

The energy band gap in siliconis 1.1 eV.

a Statewhatis meant by the conduction band.

Calculate the maximum wavelength of electromagnetic radiation that allows an electron to
cross the band gap.

¢ Theaverage thermal kinetic energy of an electron at room temperature is 0.04 eV. A student
suggests that an increase in temperature produces more electrons in the conduction band
and decreases resistance. Explain why the student is wrong for normal temperatures.

d Suggest why the resistance of a resistor increases with temperature.

Exercise 30.4 De Broglie

Electrons can be shown to have wave properties, even though they have particle
properties. This exercise develops your understanding of the different particle and
wave properties, and the relationships between them.

1 Explain whatis meant by the de Broglie wavelength of an electron.

200
2 Anelectron has a mass of 9.11 x 10 kg. Planck’s constant his 6.63 x 1034 J s.

a Calculate the de Broglie wavelength of an electron if its speed is 1.6 x 10° m/s.
b Calculate the momentum of an electron if its kinetic energy is 4.0 x 107¢ J.
¢ Calculate the de Broglie wavelength of the electron if its kinetic energy is 4.0 x 107¢ J.

3 Aneutron of mass 1.7 x 107" kg has a de Broglie wavelength of 5.0 x 1072 m.
a Calculate its momentum.

b Calculateits speed.

4 Electron energies are often given in electronvolts (eV). 1 eV=1.6 x 107°J.
An electron is accelerated from rest through a potential difference of 1000 V.
Calculate the final kinetic energy of the electron in J.

Determine the final speed of the electron.
Calculate the final momentum of the electron.

O 0 T o

Calculate the de Broglie wavelength of the electron.

5 Sometimes electrons behave like particles and sometimes they behave like waves.

a State an example of a wave behaviour of an electron.

State which term in the de Broglie equation 4 = refers to wave behaviour and which term
refers to particle behaviour. P

¢ Show that the de Broglie equation has the same units on each side of the equation.
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6 Aperson of mass 50 kg walks at a speed of 0.20 m s,

a Calculate his de Broglie wavelength.

b Suggest why itis difficult to show diffraction with a wave of this wavelength but it is possible
to show diffraction with a wave of the wavelength you calculated in question 4.

Exam-style questions

1 Inthe photoelectric effect, when electromagnetic radiation strikes the surface of a metal,
electrons leave the metal surface. However, when radiation of less than a certain frequency
strikes the surface, it is observed that there is no emission of electrons.

a Explain why there is no emission of an electron if the frequency is too low. 2]

State two other pieces of evidence provided by the photoelectric effect which suggest
that electromagnetic radiation has particle properties. [2]

¢ Thework function of the metal is 3.8 V. Calculate the minimum frequency of
electromagnetic radiation that causes photoelectric emission. 2]

d Anelectron at the surface of the metal is emitted with a kinetic energy of 4.5 x 1029 J.
Calculate the energy of the incident photon in eV. 2]

2 Electrons are known to show wave properties, with a wavelength given by the de Broglie
equation.

a State the de Broglie equation in words. [1]
b Show that the wavelength of an electron of kinetic energy E is given by the equation:

PR
(2mE)
where m is the mass of the electron. 2]

¢ Calculate the de Broglie wavelength of an electron accelerated through a p.d. of 2.0 kV.  [2]

The electrons in part ¢ are passed through a crystal structure and diffract. Explain why
the electrons are diffracted. [1]

3 a Explain how an emission line spectrum provides evidence for the existence of discrete
electron energy levels in atoms. [3]

b Electron transitions between three levels A, B, and C in this energy diagram produce
electromagnetic radiation of wavelengths 557 nm and 358 nm:

A
B —3.74 eV
C —4.98 eV

)

i Calculate the energy of photons of these two wavelengths.

N

ii  Describe the transitions that give rise to each of these two wavelengths.

N

iii  Calculate the value of the energy level A.

iv Calculate the wavelength of another line produced by transition between these
three levels. [2]



Nuclear Physics

recall and use the relationship £ =mc?

define and understand the terms mass defect, mass excess, binding energy, activity, half-life and decay constant
represent simple nuclear reactions by nuclear equations of the form:

N+ 4He - 70+ IH

sketch the variation of binding energy per nucleon with nucleon number

explain what is meant by nuclear fusion and nuclear fission, and the relevance of binding energy

describe the spontaneous and random nature of nuclear decay

recall A=—AN and use it to solve problems

use the relationship x=x,e™, including sketching exponential decay graphs

solve problems using the relation A = 02693
b

_

mass defect: the difference between the total mass of the individual, separate nucleons and the mass
of the nucleus

202 mass excess: the difference between the mass of a nuclide (in u) and its nucleon number

binding energy: the minimum external energy required to separate all the nucleons in a nucleus to
infinity (the neutrons and protons completely separate)

nuclear fusion: a nuclear reaction in which two light nuclei join together to form a heavier nucleus
nuclear fission: the splitting of a nucleus

spontaneous decay: the decay of a nucleus that is not affected by outside factors and occurs because
of factors within itself

random decay: the decay of a nucleus that cannot be predicted, producing slightly different counts,
above or below a mean value, in the same time interval

half life: the time taken for half the number of active nuclei in a radioactive sample to decay
activity: the number of nuclei that decay per unit time interval in a sample
radioactive decay constant: the probability that an individual nucleus will decay per unit time interval

Equations: £=mc?

A=—AN

X=x,e™M

e 02693
)

This exercise provides practice in balancing equations, as well as recognising particles
and types of reaction.

1 Determine the particle X in the nuclear reaction:

YN+ n—="C+X
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2 Anuclear reaction is:

25U+ IN—2Sr+"4Xe + 21X

Determine the value of x.

a

b Determine the value of y.

¢ State the name of the particle ; X
d

State the name of this type of nuclear reaction.

3 Anuclear reaction is written as4!H— fHe+x%e+2v  where vis a neutrino

Determine the value of x.

a

b State the name of the particle %e.

¢ State the name of this type of nuclear reaction.
d

Explain why high temperatures are needed in order for the IH particles to come together.

4 Anuclear reaction is written as:
28— &Th+4He
a Determine thevalue of x.

b State the name of the particle {He.
¢ State the name of this type of nuclear reaction.

5 Helium-3 (proton number 2) absorbs a neutron to become another isotope of helium. Write
down the nuclear reaction.

6 Aboron-10 nucleus ('2B) absorbs a neutron and emits a nucleus of lithium-3 (;LI) and an alpha-
particle. Write down the nuclear reaction.

Exercise 31.2 Mass defect, mass excess and
binding energy

Mass defect, mass excess, binding energy, nucleon number and proton number are all
different quantities for a particular nucleus. This exercise develops your understanding
of these terms. You also need to understand that masses can be measured in kg or in
terms of the unified atomic mass unit u, and that energy can be measured in joules or
electronvolts.

1 Match each quantity with its definition:

binding energy the difference between the total mass of the individual,
separate nucleons and the mass of the nucleus

nucleon number the difference between the mass of a nuclide (in u) and
its nucleon number

mass excess the minimum external energy required to separate all
the nucleons in a nucleus to infinity

mass defect the total number of protons and neutrons in one
nucleus
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2 a Calculate the energy equivalence of 1.0 g of matter.

(Remember: E=mc? uses mass in kg).

b Show that 1.0 u has an energy equivalence of 930 MeV. (You will need to look up the mass
of Luin kg, then use £=mc?. This gives the energy in joules. It is quite easy to remember
that the conversion factor between energies in J and in eV is the charge on the electron,
1eV=1.6%x10"J).

¢ Explain why a neutron has no nuclear binding energy.

3 Athorium atom contains 90 electrons outside the nucleus.
e mass ofathorium-228 atom=228.0278 u
e mass of a bismuth-199 atom =198.9785 u
e restmass of electron=0.000549 u
a Calculate the mass excess of thorium-228, in u.
b Calculate the mass excess of bismuth-199, in u. (Mass excess can be positive or negative).
¢ Calculate the mass of a thorium-228 nucleus, in u.

4 The mass of a thorium-228 nucleus =3.7857 x 10° kg
The rest mass of a proton =1.6726 x 107" kg

The rest mass of a neutron =1.6749 x 10~ kg

a Calculate the number of protons and the number of neutrons in one 22 Th nucleus.

Calculate the total mass, in kg, of all the nucleons when they are separated from the
204 nucleus. Give your answer for b to as many significant figures as you can so that the mass
defectin cis accurate.

¢ Calculate the mass defect of 22Th, in kg.
Calculate the binding energy of 25 Th, in J.
Calculate the binding energy of 26Th, in eV.

5 The masses of three particles are:

e helium-4 nucleus=4.0015u

e proton=1.0073u

e neutron=1.0087u.

Calculate the mass defect of a helium-4 nucleus, in u.
Calculate the mass defect of a helium-4 nucleus, in kg.
Calculate the binding energy of a helium-4 nucleus, in J.

o 0 T o

Calculate the binding energy of a helium-4 nucleus, in eV.

6 Thebindingenergy of a2H nucleus is 2.24 MeV. A nucleus contains one proton and one neutron.
e restmassof proton=1.67262x 107" kg
e restmassof neutron=1.67493x 107" kg
a Calculate the binding energy of the nucleus, in J.
b Calculate the mass defect of the nucleus, in kg.

Calculate the total mass of the proton and neutron when separated to infinity, in kg. Keep all
significant figures.

d Calculate the mass of the nucleus, in kg.
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7 One possible reaction when a neutron strikes a uranium nucleus is:
N+ 25U %Kr+ “Ba + 2/n
e massof/n=1.009u
e massof2:U=235.124u
e massofPKr=89.920u
e massofBa=143.923 u
a Calculate the mass defect of the whole reaction, in u.
b Calculate the energy released, in joules, by one such reaction.

Exercise 31.3 Binding energy per nucleon, fusion
and fission

In this exercise you will develop your understanding of the difference between binding
energy and binding energy per nucleon and how they are used to calculate the energy
released in an nuclear reaction.

1 a Completethistable:

Nuclide | Number of nucleons | Binding energy / MeV | Binding energy per nucleon / MeV

Fe 492
7By 8.6

b State which of the three nuclides in the table is most stable. Explain how the table shows this.

2 Asimple nuclear fusion reaction is:
2H +2H—>1He
The binding energy per nucleon is 4He is 7.1 and for2His 1.1 MeV.

a Calculate the binding energy of 2H. (This is for the whole nucleus, not the binding energy per
nucleon).

b Calculate the binding energy of 4He.

Calculate the energy released in the nuclear reaction. (If the total binding energy on the left
of the equation is different from the total binding energy on the right, then energy must be
released - the difference in the totals).

3 This graph shows the binding energy per nucleon plotted against nucleon number:
16+

12+

P —
fission

Binding energy per nucleon/

8
10713 J per nucleon

fusion
4.

0

0 40 80 120 160 200 240
Nucleon number, A

Fission and fusion are nuclear processes that give out energy.
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a
b
o
d

Use the graph to estimate the nucleon number of the most stable isotope.
State the difference between fission and fusion in terms of the nuclei involved.
Use the graph to explain how nuclear fission and nuclear fusion both liberate energy.

Explain why the energy given out per nucleon from fusion is greater than the energy given
out per nucleon from fission.

Explain why two nuclei of '13Cd cannot produce energy by fusing together.
Use the graph to estimate the binding energy of a U-238 nucleus.
Use the graph to estimate the binding energy of a nucleus with nucleon number 119.

> @ o

In fission, a nucleus of U-238 splits into two nuclei of nucleon number of about 119. Use your
answers to f and g to estimate the energy emitted.

i Useyouranswerto hto calculate the energy released in the fission of 1 g of uranium-238.
Remember, 6.02 x 107 atoms (Avogadro’s constant) is contained in one mole of material; in
this case, 238 g.

Exercise 31.4 Half-life and the decay constant

This exercise provides practice in determining and using half-lives and decay
constants.

The problem is recognising which equation to use.
Use 2= Ofﬁ to find half-life from the decay constant or vice versa.
)
206 Use A= —AN to relate activity and number of nuclei at one instant of time.

Use x =x,e7*, to relate the same quantity at different times; x can be activity or the
number of undecayed nuclei.

Watch out for the units of time. If half-life is measured in hours then the decay constant
isin hours™ and if you then use A=—AN, the activity A is in number of decays per hour.

1 Complete this table. Include the units of your answers. You can use the formula x=x,e™ to
calculate the last two columns but you may be able to use simple ideas about halving in one half
life, particularly ina and e:

Half-life | Decay Initial number | Initial Number of Activity after 10 s
constant | of nuclei activity | undecayed nuclei
left after 10 s
a 50s 1000
b 0.0020s™ 10 Bq
C 100s 100
d 10000 1000 Bq
e 4000 1000

2 Aradioactive nuclide has a half-life of 300 minutes. It initially contains 1.8 x 10° radioactive
atoms.

a Calculate the decay constant of the nuclide in min.
b Calculate the initial activity of the nuclide in min=.
¢ Calculate theinitial activity in Bq.
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3 The half-life of potassium-42 is 12 hours.

Calculate the decay constantin h=.
Calculate the decay constantin s™.
Calculate the percentage of the original radioactive potassium present after 12 hours.

Q 0 T o

Calculate the percentage of the original radioactive potassium present after 20 hours.

4 Asample of bone contains 5.0 x 107 g of carbon-14 and has an activity of 30 Bq.

a Usethe Avogadro constant to find the number of carbon-14 atoms in the sample.

(Remember N,is the number of atoms in one mole which is the nucleon number in grams;
in this case, 14 g.)

b Calculate the decay constant.
Calculate the half-life.
Calculate the time before the activity falls to 6.0 Bq.

Exam-style questions

1 Asmall number of the atoms in the atmosphere are those of the isotope tritium 3H. These atoms
are unstable and their radioactive decay is both random and spontaneous.

a i  Explain whatis meant by spontaneous decay. [1]
ii  Explain what is meant by random decay. [1]
iii  State an experimental observation that suggests that radioactive decay is random.  [1]

b Anucleus of tritium iH decays by the emission of a beta-minus-particle and an antineutrino
to form an isotope of helium (He).

The rest masses of a tritium nucleus, the helium nucleus formed, a beta-particle, a proton and a
neutron are shown in this table. The antineutrino has negligible mass:

tritium nucleus 3.016050
helium nucleus 3.014932
beta-particle 0.000549
proton 1.007277
neutron 1.008665
i  Write down the nuclear equation that represents the decay of tritium. 2]
ii  Calculate the mass defect of a tritium nucleus. [2]
iii  Explain the term binding energy of a nucleus. [2]
iv Calculate the binding energy, in joules, of a tritium nucleus. [3]
v Calculate the energy released in the decay of a tritium nucleus. [2]
2 Theisotope sodium-22 (%Na) undergoes B*-decay to form neon-22, which is stable.
The half-life of sodium-22 is 2.60 years.
a Write down the nuclear equation for the decay. [2]
b i Define radioactive decay constant. [1]
ii Calculate the decay constant of sodium-22. [2]
iii Explain, in words, why a nucleus with a small decay constant has a long half-life. [2]
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¢ Apure sample of sodium-22 has an initial activity of 1.7 x 10° Bq.
i Calculate the initial number of sodium-22 nuclei in the sample.

ii  Calculate the number of sodium-22 nuclei that remain in the sample after 5.0 years.

iii  After 5.0 years, the sample contains only sodium-22 and neon-22 nuclei. Use your
answers to parts i and ii to calculate the ratio:

number of sodium-22 nuclei after 5.0 years
number of neon-22 nuclei after 5.0 years

3 a Explain whatis meant by the phrase radioactivity is random.

Uranium-235 was present during the formation of the Earth. Of an original sample of
uranium-235, only 1.1% of the original amount is present in rocks today. The half-life
of uranium-235is 7.0 x 108 years. Calculate the age of the Earth suggested by this data.

c i Sketchagraph of binding energy per nucleon against nucleon number
for naturally occurring nuclides.

i Useyour graph to explain how energy is released when some nuclides
undergo fission and when other nuclides undergo fusion.

(3]



Medical imaging

m explain the principles of medical imaging of internal body structures using X-rays, ultrasound and magnetic
resonance (MRI)

describe the main features of a modern X-ray tube

solve problems concerning the attenuation of X-rays and ultrasound in matter

understand the principles and purpose of CT scanning

understand and use the terms specific acoustic impedance and intensity in relation to ultrasound
understand the function of the non-uniform magnetic field in MRI

_

ultrasound: sound waves of frequencies higher than 20 kHz

Equations: acousticimpedance = density x speed of sound; Z= pc

I, _ <Zz_Z1)2

fraction of ultrasound reflected; —==
I, (72,+2,)

Larmor frequency = gyromagnetic ratio X flux density; @, = yB,

X-rays have been used to make images of the insides of human beings for 120 years.
This exercise is about the nature of X-rays and how they are produced.

1 X-rays are produced for medical imaging. This diagram shows the construction of a typical
X-ray tube:

typically
50 to 200 kV

-+
O O

vacuum

electrons

filament
(cathode)

rotating anode

X-rays

State the names of the positive and negative electrodes.
Explain why there is a high voltage between the two electrodes.
Describe the type of field that exists between the two electrodes.

o 0 T o

Explain why there is a vacuum in the tube.
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e X-rays are emitted over a large angle. Only those emerging from the tube are shown.
State the name of the thin-walled section of the tube through which they emerge.

f Describe the energy changes which occur as electrons emerge from one electrode and
strike the other.

g Explain why the anode rotates.
h State the word which describes a beam of X-rays which is roughly parallel-sided.

2 Thisdiagram shows typical X-ray spectra produced using electrons of different energies:

“ . .
/charactenstlc
X-rays
2>
i)
S J
S
(]
=
) L 120 kV
[}
(a4
60 kV
90 kv
O T T T T T T T T T T T T T T T
0 50 100 150

Energy of X-ray photon / keV

a Statethe greatest accelerating voltage used to produce these spectra.
b Determine the greatest X-ray photon energy produced using an accelerating voltage
210 of 100 kV.

Each of the three spectral curves consists of two parts: braking radiation and characteristic
X-rays.

Which of these has a continuous spectrum?

c
d State the word that describes the other spectrum.

e Statethe minimum X-ray energy in the braking radiation spectrum.
f

Describe how the peak energy of the braking spectrum changes as the accelerating voltage
isincreased.

g Describe how the peak intensity of the braking spectrum changes as the accelerating voltage
isincreased.

Consider a single line in the characteristic X-ray spectrum.

h Describe how the energy of the spectral line changes as the accelerating voltage is increased.

i Describe how the intensity of the spectral line changes as the accelerating voltage is
increased.

3 This questionis about energy units.
a Theenergy of an electron or photon may be quoted in eV. State the full name of this unit.
State the value of 1 eVin J.
b Converteach of the following energy values to J: 100 eV, 500 keV, 2.2 MeV.
¢ Convert each of the following energy values to eV: 8.0 x 1079 J, 8.0 x 107 J, 2.56 x 107 J.

The energy E of a photon is related to its frequency f by £ = hf where Planck’s constant
h=6.63x107"Js.
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d Calculate the energy of an X-ray photon of frequency 4.0 x 10* Hz.
e Calculate the frequency of an X-ray photon of energy 60 keV.

An electron is accelerated through a p.d. of 80 kV. Its energy is converted into a single X-ray
photon.

f Calculate the frequency of the photon.
g Calculate the wavelength of the X-ray in free space.

Remember, the speed of electromagnetic radiation in free space is: c=fA where
c=3.0x10°ms™.

Exercise 32.2 X-rays and matter

This exercise is about how X-rays interact with matter and how high-quality X-ray
images can be produced.

1 X-ray photons carry energy. If a beam of X-rays is spread over a large area, its intensity I will be
low. This is represented by the equation:
P

I==—
A

a What quantities are represented by the symbols P and A in this equation? Give their names
and their Sl units.

b Calculate the intensity of an X-ray beam of power 150 W passing through an area of 60 cm?.
Take care when converting cm? to m?.

When a beam of X-rays enters a patient’s body, its intensity is attenuated. This graph shows how
the intensity changes as the beam passes through flesh and bone:

_ air : body
g l
E |
3 |
bS] flesh
B | ~
& ,
c |
8 |
|
= : __bone
0 |

0
Distance into tissue. X

¢ Explain how you can tell from the graph that the beam is collimated (parallel-sided) as it
passes through the air.

d Of the three materials represented (air, flesh, bone), which absorbs X-rays most strongly?
Explain how you can tell.

e Which material is the least absorbing? Explain how you can tell.

The intensity of the X-rays decreases exponentially as it passes through flesh and bone. This can
be characterised by the half-thickness of the material.

f Explain what is meant by half-thickness. Include a sketch graph of intensity against distance
inyour answer.

g Which has a greater half-thickness: flesh or bone?
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2 Theintensity of an X-ray beam decreases as it passes through biological material according to
the equation I=I,e™, where p is the attenuation coefficient of the material.
a The quantityl—l is the fraction of the initial intensity that remains after the beam has passed
through a thickness x of the material. Rearrange the equation for I to make Il its subject.

b Calculate the fraction of the intensity of a 250 keV X-ray beam that remains after it has
passed through 4.0 cm of bone whose attenuation coefficient p=0.32 cm=. (Remember to
calculate the value of the exponent first.)

¢ Determine the fraction that has been absorbed by the bone.
d Calculate thevalue ofll when x = the half-thickness of the absorbing material.

e Usethisidea to calculate the half-thickness of bone for 250 keV X-rays.

3 Medical physicists try to produce the best possible X-ray images while causing as little damage
as possible to the patient.

They want to produce images which are as sharp as possible, and with as much contrast
as possible.

a Explain why itisimportant to keep the radiation dose to the patient as low as possible.
Explain how an image intensifier helps to keep the radiation dose low.

¢ Anarrow X-ray beam can be produced by reducing the size of the window of the X-ray tube.
Explain how this helps to improve the X-ray image.

d Explain whatis meant by the term contrast in connection with X-ray images.
e Explain how a barium meal helps to improve the contrast of an X-ray image.
212
4 ACTscanis atechnique that can be used to produce images of a patient’s organs.
a Whatdoes ‘CT’ stand for?
Explain briefly how a CT scan differs from a conventional X-ray image.

¢ Explainhow a CT scan can help to reduce the exposure of healthy organs to damaging
X-rays.

Exercise 32.3 Ultrasound scanning

Ultrasound waves are mechanical waves similar to sound waves and are not thought to
have any damaging side-effects for patients in normal use. This exercise looks at how
they are produced and used in medicine.

1 Ultrasound waves travel at about 330 m s in air, 1500 m s in water and 1590 m s in tissue
such as muscle.

a Explain the term ultrasound.

b Calculate the wavelength of ultrasound waves of frequency 40 kHz in water and in muscle
tissue.

¢ Thespeed of ultrasound waves changes as they pass from air into tissue. State whether the
frequency increases, decreases or stays the same, and whether the wavelength increases,
decreases or stays the same.

d Toresolve small objects, itis necessary to use ultrasound with a wavelength comparable
to the size of the objects. Suggest a suitable frequency of ultrasound if you wish to observe
kidney stones of diameter 2 mm.
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2 Thisdiagram shows an ultrasound transducer - this means that it both produces and detects
ultrasound waves:

connector

M

outer case

damping
material

crystal

acoustic window

“

a The piezo-electric crystal is the part which generates ultrasound waves. Describe how it is
caused to vibrate.

b Explain the function of the acoustic window.

The transducer sends pulses of ultrasound into the patient’s body. It also detects ultrasound
waves reflected from inside the body.

¢ Describe how the crystal behaves when the reflected waves reach it.
d Explain why the ultrasound waves are sent out in pulses.
e Explain the function of the damping material.

The crystal is usually made of polyvinylidene difluoride. The speed of sound in this material
is2200 ms™.

f Calculate the wavelength of ultrasound waves of frequency 2.2 MHz in this material.

g Thethickness of the crystal is usually one half-wavelength. Calculate this value.

3 Thisdiagram shows what happens when an ultrasound wave strikes the boundary between two
different materials. Only part of the wave is transmitted.

incident 4 | 4
wave

angle of
incidence

angle of
refraction

refracted wave

reflected (transmitted)

wave
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a Explain what happens to the rest of the ultrasound.
b Explain what causes the wave to change direction. (Think about the refraction of light).

The fraction of the intensity of the ultrasound wave reflected is given by:

I (Z,-2)

I, (Z,+7.)

where Z represents the acoustic impedance of the material.

This table gives values of Z for air and for three different tissues:

Material Acoustic impedance Z / 10° kg m= s
air 0.0004

fat 1.34

muscle 1.71

bone 6.40

¢ Fatand muscle have similar values for Z. Calculate the fraction of an ultrasound beam
transmitted when passing from muscle to fat. Take care! The equation tells you the fraction
reflected.

d Using data from the table, explain why a boundary between bone and muscle will give a
strong reflected signal.

e Airhasavery low acoustic impedance. This means that very little of an ultrasound wave will
pass from airinto tissue. Explain how this problem may be overcome when a patient is given
an ultrasound scan.

214
4 This diagram shows how ultrasound could be used to investigate a patient’s bone:
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a Explain how the reflected ultrasound waves could provide information about the thickness
of the bone.

b Explain how the intensity of the reflected ultrasound waves could provide information about
the nature of the tissues through which they have passed.
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Exercise 32.4 Magnetic resonance imaging (MRI)

MRl is another imaging technique. It relies on the fact that protons behave like little
magnets in a magnetic field. This exercise looks at how MRI works and how it is used.

1 Thisdiagram shows a proton in an external magnetic field:

path of

axis of spin

magnetic field

a Describe where protons are usually found.
b State the electrical charge of a proton.

The proton spins so that it behaves like a tiny magnet. A proton lines up in a magnetic field. Its
axis precesses about the field.

¢ Explain what the word precesses means.

The angular frequency of precession (the Larmor frequency) is given by m, = yB, where yis the
gyromagnetic ratio. For a proton, y=2.68 x 10 rad s T,

d Calculate the Larmor frequency of protons in a magnetic field of flux density 2.25T.
In magnetic resonance imaging, radio waves are directed into tissue. If the waves have the
correct frequency, their energy will be absorbed by protons. This is an example of resonance.

e Fromyouranswer to part d, calculate the frequency of radio waves that will cause protons to
resonate in a magnetic field of flux density 2.25T.

When the protons have absorbed energy, they are in a higher energy state. They gradually lose
their extra energy and return (‘relax’) to their lower energy state.

f Sketch a graph to show the pattern of relaxation of protons with time.
g State the mathematical term that describes the shape of this graph.

2 MRIlimaging relies on the fact that protons relax at different rates according to their
surroundings. In other words, their relaxation times depend on the tissue they are in.

Here are three types of tissue: watery, cancerous and fatty.
a Name the type of tissue in which proton relaxation times are longest.

b Name the type of tissue in which proton relaxation times are shortest.
¢ Explain why the radio waves are sent into the patient’s tissues in pulses.
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3 Thisdiagram shows the arrangement of coils in an MRI scanner:

longitudinal

gradient coil RF receiving coil

large
external

computer

Of the coils shown, how many are used to produce the strong external field?
State which coil sends radio waves into the patient.
Describe the function of the radio frequency (RF) receiving coil.

o N T o

There are two ‘gradient coils’. These are used to add a small additional field that is stronger
at one end of the patient than the other. Explain how changing this gradient field allows the
patient’s body to be scanned gradually.

e Explain the functions of the computer.

Exam-style questions
electron chargee=-1.60x10°C
Planck’s constant h=6.63x103*J s

1 Ultrasound waves travel at 1590 m s in muscle tissue. The density of muscle tissue is
1075 kg m=.

—
—
[}

a Explain whatis meant by ultrasound.

N

b Calculate the acoustic impedance of muscle.

The acoustic impedances of two other tissue types are:
o fat:Z=134x10°kgm=s?
e bone:Z=6.40x10°kgm=s™.

¢ Usethis data to explain why an ultrasound scan will give clearer images
of muscle-bone boundaries than muscle-fat boundaries. [3]

2 X-rays are produced for medical use in an X-ray tube.

An X-ray tube has a p.d. between the anode and cathode of 115 kV.

N

a Calculate the maximum energy (in J) of X-ray photons produced in such a tube.
b Calculate the maximum frequency of these X-rays. [2]

X-rays can be used to produce images of bones that are embedded in muscle tissue.
The attenuation coefficient for bone: =600 m=.

¢ Abeam of X-rays of intensity 15 W m=is directed on to a patient’s arm. Calculate the
intensity of the beam after it has passed through 3.0 mm of bone. [3]
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d Muscle tissue has a lower attenuation coefficient than bone. Explain how this allows
X-rays to be used to produce a ‘shadow image’ of bone embedded in tissue. 2]

MRI'scanning can be used as an alternative to CT scanning (which uses X-rays).

e State and explain one way in which MRI scanning is safer for the patient
than CT scanning.

f State one way in which MRI'scanning can give a clearerimage than CT scanning. 2]

N




Practical skills at AS level

You should be able to:
m use appropriate techniques for the measurement of length, volume, angle, mass, time, temperature and
electrical quantities
understand and explain the effects of systematic errors and random errors
understand the distinction between precision and accuracy
assess the uncertainty in a calculated quantity by addition of absolute, fractional or percentage uncertainties

_

analogue display: a continuous display which represents the quantity being measured on a dial or scale
digital display: a display that gives the information in the form of characters (numbers or letters)

calibration curve: a graphical or mathematical relationship between the readings obtained from an
instrument and the true or reference values

systematic error: an error of measurement that differs from the true value by the same amount in
each measurement

random error: an error in a measurement that is unpredictable and which may vary from one
218 measurement to the next

uncertainty: an estimate of the spread of values around a measured quantity within which the true
value will be found

precision: the smallest change in value that can be measured by an instrument or operator or that is
shown in a measurement; a precise measurement is one that, when made several times, gives the same
or very similar values

accuracy: an accurate value of a measured quantity is close to the true value of the quantity
zero error: the measurement of a quantity when the true value is zero
range: the difference between the largest value and the smallest value of a measurement

independent variable: a physical quantities whose value is controlled or selected by the person
performing an experiment

dependent variable: a physical quantities whose value changes as a result of the change in
another quantity

Equations: uncertainty=1§ (maximum reading — minimum reading)
percentage uncertainty:w % 100%
meanvalue
when A=B % C absolute uncertainty in A= sum of absolute uncertainties in B and C

when A =§ or BC percentage uncertainty in A= sum of percentage uncertainties in Band C

This exercise gives you practice reading the scales of a number of different
instruments, and estimating the uncertainties in measurements.

The number of significant figures given in a reading should be decided by looking at the
measuring instrument used. For example, it is not sensible to record a distance measured
on a ruler with a millimetre scale as 3 cm or 3.00 cm; it should be recorded as 3.0 cm.
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1 a Recordthe position of the left-hand and right-hand edge of the coin placed on this metre
rule:

cm 20 30 40 50

b Read the temperature shown on this thermometer:

=10 0 10 20 30 70 50 50 70 20 50 100 110 C

¢ Read the current shown on this meter:

d Read the volume shown on measuring cylinder A:

H
f% >

@ N ® ©

A w
o ©O O O oOo|o o o o

2N W

e Statewhether cylinder A or B has the lower precision. Explain why.

Asmall volume, 6 cm?, of glue has become solid at the bottom of cylinder A. Unless taken
into account, this causes a zero error when the cylinder is used to measure the volume of
a liquid, and makes cylinder A less accurate. Explain what is meant by a zero error and how
cylinder Biis likely to be more accurate.

o \

TIP

To decide the uncertainty you will have to think about whether it is possible to read the scale
within the divisions on the instrument. Some of the instruments are shown in question 1.
For example, can you read a thermometer marked with each °C to say half a°C oris it to the
nearest °C? If you have the instrument, you can try to take the same reading several times,
perhaps with someone else taking the reading as well - see whether the result is the same. If
you cannot read within a division then the smallest division is the uncertainty.

& J
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2 Copy and complete this table, giving units for any values. Include columns for all instruments
that you have available or for which there is a diagram in your textbook.

thermometer
Analogue voltmeter
Measuring cylinder A
Top pan balance

-
(]
=
(&)
=
c
O
=
O
=

Callipers
Analogue
Protractor
Stopwatch

Is there a possibility of a
zero error?

What is the smallest scale
division?

What is the uncertainty
(assume no zero error)?

What is the largest
possible reading?

What is the percentage
uncertainty in the largest
possible reading?

Exercise P1.2 Finding the uncertainty in a reading

0 This exercise considers different uncertainties in measurements and how they arise.

Calculated quantities should be given to the same number of significant figures as (or
one more than) the measured quantity with the least accuracy, except when produced
by addition or subtraction.

1 When astudent hears the starting pistol at the start of the race, he starts his stopwatch and
stops it as he sees a runner crossing the finishing line.

The reading on the stopwatch is 26.02 s.

a Suggest the value that the student should write down as his best estimate for the time and
for the uncertainty in the time, based on only one reading,.

b Three otherstudents also record the same time and the readings on their stopwatches are:

e 2590s
e 26.34s
e 26.14s.

Calculate the mean value of all four readings and an estimate of the uncertainty of the time.

¢ Thetruevalue of the time is 26.40 s. Explain how this value shows that the students’ readings
have a systematic error.

d Suggest one cause of a systematic error and one cause of a random error in the readings.

2 Astudenttimes a number of oscillations of a ball along a track.

ﬁ

one complete oscillation

ball
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Timing one complete oscillation, her readings were:

e 2125
e 2.32s.

Timing ten complete oscillations, her readings were:

e 21.20s
e 21.32s.

The time for one complete oscillation is T.

a

d

Use the first set of readings to determine the value and uncertainty for T.
Use the second set of readings to determine the value and uncertainty for T.

Calculate the percentage uncertainty in the two values of T that you have determined. Note:
you should find that the percentage uncertainty in T found using ten complete oscillations is
the smaller. Using more oscillations gives a smaller percentage uncertainty.

Suggest one reason why timing a large number of oscillations - 200, for example - is not possible.

Exercise P1.3 Combining uncertainties

This exercise helps you understand percentages and absolute uncertainties.

There are two simple rules:

o 0 T o

When quantities are added or subtracted, you add absolute uncertainties to find the
total absolute uncertainty.

When quantities are multiplied or divided, you add percentage uncertainties to find the
total percentage uncertainty.

State the number of significant digits in 0.0254.

Write T=1.25578 £ 0.1247 s, keeping two significant digits in the uncertainty.

Calculate the percentage error forv=12.25m/s+0.25 m/s.

Calculate the absolute error if the accepted value is 120 s and the percentage error is 5%.

Each of these measurements was taken several times.
The uncertainty is half the range of the readings:

e [=75s5%x02s
e [=100m=*02m
e D=56cm*x4%

Determine which measurement has the smallest percentage uncertainty.

Two sides of a piece of paper are measured asA=29.5+0.1cmand B=21.0£0.1cm. The
circumference of the paperis 2A + 2B. Calculate the absolute errorin C.

A pressure Pis calculated using the formula p = L The percentage possible uncertainties
I

R

are+2% in Fand £1% in R. Calculate the percentage uncertainty in P.

3 TheareaAofacircle of radius ris given by A=mr2

If rmeasures 10.0+ 0.2 cm, calculate:

a

the percentage uncertainty in r
the percentage uncertainty in A (ris squared and so is multiplied by itself; there is no errorin )

the absolute uncertainty in A (changing from percentage to absolute uncertainty, you will
need the value of A=314 cm?).
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4 These readings were obtained in an experiment to measure the density of a ball bearing:
e mass=70%x01g
e Vvolume=1.2040.05cm?.

Astudent obtains the density as 5.8333 gcm=.

Calculate the percentage uncertainty of each reading.
Calculate the percentage uncertainty in the density value.
Calculate the absolute uncertainty in the density.

o N T o

Write down the density and uncertainty to a reasonable number of significant figures.

5 Measurements taken as a ball falls a distance Din atime T are:
e D=1215+0.004m
e 7=0.495,0.498,0.503,0.496,0.501 s.

The mean average value of Tis 0.499 s and the acceleration due to gravity g is 9.77 m s
(calculated using the formula g = ZT—?).
Calculate the:

percentage uncertainty in D

range in the measurements of T

absolute uncertainty in the average value of T
percentage uncertainty in the average value of T

T O 0 T 9

percentage uncertainty in g (remember, as g= ﬂyou add the percentage uncertainty

992 in T twice to the percentage uncertainty in D)

f absolute uncertaintying.

Exercise P1.4 Tables, graphs and gradients
This exercise gives you practice tabulating results, drawing graphs and finding gradients.

1 Astudentinvestigates the speed of water waves in a shallow tray:
tray
/
\_

Y

water

\

One end of the tray is lifted and then lowered quickly. A wave moves backwards and forwards
across the tray several times before it dies away.

The student measures the depth d of the water and the time T taken by the wave to travel from
one end of the tray to the other and back again. She repeats the reading of T The distance
travelled by the wave in time T'is 5.00 m.

The student’s measurements for different values of d are shown in this table:

d/m T/s1%tvalue | T/s2"9value
0.005 22.2 22.3
0.010 159 16.0
0.015 129 13.1
0.020 11.3 114
0.025 10.1 10.1
0.030 9.2 9.3
0.035 8.5 8.4
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e speed v of the water wave is found using the formula:

5.00
t

where tis the average value of the two values of T.

When Tis measured in s, the formula gives a value for vin m s=.

a

o o 0o oT

Produce a table for the readings showing the depth d in m, the average time t and the speed
v. Also include values of v? in your table. Give appropriate units for all quantities.

Plot a graph of v2 on the y-axis against d on the x-axis.
Draw a straight line of best fit.

Determine the gradient and y-intercept of this line.
The quantities vand d are related by the formula:
v=Ad+B

where A and B are constants.

Use your answer to part d to determine the values of A and B. Give appropriate units.

During half of an oscillation of a simple pendulum, the string holding this pendulum bob hits

ag

ainst a stationary horizontal rod:

v 7

string

/stationary rod

_____ Q pendulum bob

Th

e distance between the pendulum bob and the rod is the distance x. The total length of the

string is kept constant.

The distance x as well as the time T,, for ten complete oscillations is measured by a student.

This is part of a student’s notebook showing the readings:

when x 15 0.100 m, ten swings took 12.7 &

ather readings for tenm swings

0.200 m 14.15

30im15.0 8

0 em 159 &

50 em 16.6 &

2.0 um 10.9 &

AATRYATAYATRAR

AR

a

b

Produce a table for the readings showing the distance x in metres, 7,, and the time t for one
oscillation. Include vx in your table. Give units for all quantities.

Plot a graph of t on the y-axis against Vx on the x-axis.
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¢ Draw the straight line of best fit.
Determine the gradient and y-intercept of this line.
The quantities t and vx are related by the formula:

t=A\x +B
where A and B are constants.

Use your answer to part d to determine the values of A and B. Give appropriate units.

Exercise P1.5 Mathematical relationships and
sources of uncertainty

This exercise allows you to test mathematical relationships, suggest sources of
uncertainty, and suggest improvements to reduce uncertainty.

1 Itissuggested that two quantities Fand x are related by the formula:
F=kx
where kis a constant.

This table shows values of Fand x:

F/N ‘ X/ cm
20 18.0
4.2 2.0

a Usedatafromthe table to calculate two values for k.

b The uncertainty in each value of xis £ 0.1 cm. The uncertainty in Fis very small. Calculate the
percentage uncertainty in each reading of x.

¢ Stateacriterion you can use to determine whether the data supports the relationship.
Explain whether the data supports the suggested relationship.

2 lItissuggested that two quantities y and x are related by the formula:
y=hkx?
where kis a constant.

This table shows values of y and x:

y/cm ‘ x/cm
18 6.00
32 7.83

a Usedata fromthe table to calculate two values for k.

b The uncertainty in each value of yis+ 1 cm. The uncertainty in x is very small. Calculate the
percentage uncertainty in the smallest value of y.

¢ State acriterion you can use to determine whether the data supports the relationship.
Explain whether the data supports the suggested relationship.
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3 ltissuggested that two quantities T and x are related by the formula:
T =kx
where kis a constant.

This table shows values of Tand x:

T/s Xx/cm
2.0 4.00
6.3 41.3

a Usedatafrom the table to calculate two values for k.

The uncertainty in each value of Tis+£0.1s. The uncertainty in xis very small. Calculate the
percentage uncertainty in the smallest value of 7.

¢ Stateacriterion you can use to determine whether the data supports the relationship.
Explain whether the data supports the suggested relationship.

4 In this question you will need to describe sources of uncertainty and improvements in a basic
experiment. Many such sources of uncertainty or limitations in the procedure will depend on the
actual apparatus used. You may have to look up the apparatus in your textbook.

For each situation described:

e imagine that you have taken two sets of readings of two quantities that are related; you
have used your readings to see whether a suggested relationship is supported by these
readings (remember thatin any formula, k represents a constant)

e suggest sources of error or limitations and then suggest improvements to reduce the
errors or limitations.

a Ametreruleis balanced on a pivot and two masses, one either side of the pivot. You check
the relationship clockwise moment = anticlockwise moment.

b You check that resistance R of a wire of constant length is related to the area of cross-section
Ausing the relationship R=k /A.

¢ Ahacksaw blade is clamped at one end. You check that the period of oscillation t is related
to the length [ of the hacksaw blade that is free to vibrate, using the relationship t? =k I.

d You checkthat the width w of a piece of paper tape is related to the maximum force F
needed to break the tape when it is pulled by a newtonmeter, using the relationship F= kw.

Exam-style questions

1 Astudent connects a resistor of resistance R to a cell, as shown in this circuit diagram:

The e.m.f. of the cell is £ and its internal resistance is r. The current I'is measured by an ammeter,
which is not shown.
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The student uses a number of different resistances. She records the current and the value of R
each time. The cell is only switched on for a short time to take the readings.

The readings the student obtained are shown in this table:

R/Q 10 20 5 2 15 25 30
I/A 0.118 0.068 0.186 0.286 | 0.086 0.056 | 0.048

a Copythetable, placing the readings in order of increasing current. Include
values of 7.in your table.

=

Plot a graph of% on the y-axis against K on the x-axis.
Draw the straight line of best fit. 1
Determine the gradient and y-intercept of this line.

[ L e L

oD o o T
~

The quantities I and R are related by the formula:
1_1
I E
where £ is the e.m.f. of the cell and ris the internal resistance of the cell.

(R+r)

Use your answers to part d to determine the values of £ and . Give appropriate units. 2]

2 A massMhanging on the end of a spring was twisted slightly. The time T for one complete
oscillation was measured accurately by recording the time T, for five complete oscillations.

The results obtained for T; were 2.46 s and 2.64 s when M=100 g.

a Determine the value of Twhen M=100 g.

—
—
[l

226 b Estimate the percentage uncertainty in the average value of Ts.

—
—
[l

The measurement of 7, was repeated using a mass of 300 g.

The results obtained for 7. were 4.26 and 4.32 s.
¢ Determine the new value of Twhen M=300 g. [1]

It is suggested that the quantities T and M are related by the equation:
T2=kM

where kis a constant.

d Useyouranswers to parts a and c to calculate two values of k.

= N
= N

Explain whether the results support the suggested relationship.

=

e
f Describe four sources of uncertainty or limitations of the procedure for this experiment.
g

Describe four improvements that could be made to this experiment. You may suggest
the use of other apparatus or different procedures. (4]
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You should be able to:

m identify the variables in an experiment and how they are controlled or measured, including the independent variable,
dependent variables and variables to be kept constant

m describe and draw the arrangement of apparatus and the procedures for experiments, assess risk and suggest
precautions

describe the use of oscilloscopes, light gates, data loggers and other sensors

rearrange expressions into the forms y=mx+c, y=ax" and y=ae®, and plot graphs to find the constants from the
gradient and y-intercept of a straight-line graph or tangent

draw graphs including lines of best fit, worst acceptable lines and tangents to curves

convert absolute into fractional or percentage uncertainty estimates and vice versa

determine uncertainty estimates through calculation, and from the gradient and y-intercept of a graph

express a quantity as a value, an uncertainty estimate and a unit, using an appropriate number of significant figures

_

uncertainty: an estimate of the spread of values around a measured quantity within which the true
value will be found

independent variable: a physical quantity whose value is controlled or selected by the person
performing an experiment

dependent variable: a physical quantity whose value changes as a result of the change in another quantity
Equations: absolute uncertainty = gradient of line of best fit — gradient of worst acceptable line

absolute uncertainty = y-intercept of line of best fit — y-intercept of worst acceptable line

This exercise involves the use of error bars on graphs and finding the uncertainty in a
gradient, including logarithms.

1 Two quantitiesx and y are related by the equation y =k x" where k and n are constants.

a Bytakinglogarithms find an expression for In y in terms of [n x.

This graph shows [n y plotted against In x, for two points with error bars shown:

In (y/m)

n (x/m)
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b
c
d
e
f
g

Calculate the gradient of the best line.

Calculate the gradient of the worst acceptable line.

Note down the intercept of the best line on the y-axis.

Note down the intercept of the worst acceptable line on the x-axis.

Using your answers for the gradients state the value of n and its uncertainty.

Using your answers for d, calculate the best value of k. (You will have to use the inverse of a
logarithm as the intercept is [n k.)

2 Inanexperiment, imagine that you have measured the current I and the voltage VV across a lamp
and obtained the values:

V=1.65+0.07VandI=0.25+0.03A

A pointis plotted at (0.25, 1.65) on a graph with voltage on the y-axis and current on the x-axis.
The error bars now need to be drawn.

a Describe how to plot the vertical error bar, showing the uncertainty in the voltage.
b Describe how to plot the horizontal error bar, showing the uncertainty in the current.

3 Imagine that you have measured a currentas 3.6 £ 0.2 A.

a Calculate:
i [n(3.6)
i In(3.8)
i [n(3.4).
228 b State the length of the error bar required above the point and below the point, when you
plot a point with a y-value of In(3.6).

¢ State the label that should be written on the y-axis if you were to plot the point In(3.6).
4 This graph shows values of In (//V) plotted against R/ 10° Q™

2.5 A

2.0

15

In(V/V)

1.0

0.5

0 40 80 120 160
R-1/1076Q71

a Placearuleronthe graph alongthe line of best fit. Read off values and obtain the gradient of
this line. Take care with the 107 on the x-axis (120 really means 1.2 x 10~ for example).

b Place aruleron the graph along the worst acceptable straight line. Read off values and
obtain the gradient of this line.

¢ Statethe gradient with its uncertainty.

The formula that relates Vand Riis:

V= Ve /R
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where Cis a capacitance and t the time for the reading (in this case, 10 ).

d Expressthe gradient of the graph in terms of Cand t.
e Usingyourvalue for the gradient, determine the value of C. Include the unit.
f Determine the percentage uncertainty in your value for C.

Exercise P2.2 Uncertainty and using an oscilloscope

This exercise provides more practice estimating uncertainty and in using an
oscilloscope.

1 Thisdiagram shows the trace of an alternating voltage obtained on an oscilloscope screen:

a Determine the amplitude of the trace. Give your answer as a multiple of one division.

\ ™\ Estimate the uncertainty in your answer.
\ / b TheY-gain controlis set at 2.0 V/division. Use your answers to a to determine the peak
\ \ / voltage and its uncertainty.
\/ \/ ¢ Thetime base (X-gain) on the oscilloscope is set at 0.5 ms/division. Determine the time for

one oscillation and the uncertainty in this value.

d Useyouranswer to c to calculate the frequency of the a.c. and the uncertainty in this value.
Since your calculation involves a division, you need to use percentage uncertainties. You can

The black grid lines on the assume that the oscilloscope is calibrated and that there is no uncertainty in the time base

trace are one division apart value.

on the screen.

2 Light gates are placed on a slope and used to time a ball rolling from rest down a slope. The
time measured is 1.26 £0.01 s and the distance travelled is 0.245 £ 0.002 m.

a Calculate the average speed of the ball. Give your answer as a value, an absolute uncertainty
estimate and a unit. You will need to use the formula:

distance

speed=
time

(To find the uncertainty, remember to add percentage uncertainties to find the percentage
uncertainty in the speed).

b Calculate the average acceleration of the ball. Give your answer as a value, an absolute
uncertainty estimate and a unit. You will need to use the formula:

=lapr
s=5at

(Remember when finding the total percentage uncertainty that the quantity t appears twice).

Exercise P2.3 Experimental methods

Writing a method can be difficult unless you are organised and cover each aspect logically
and carefully. This exercise gives you practice thinking about the different aspects.

Read through the descriptions of experiments A-1 and then, for each experiment:

1 State whichis the dependent variable, which is the independent variable and any quantities that
should be controlled.

2 Draw adiagram of the apparatus and describe how the variables are measured or how they are
calculated from the readings taken.
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3
4
5
6

Describe how the independent variable is changed.
Give one additional detail, e.g. how to ensure there is a large change in the dependent variable.
State one safety precaution.

State what graph you would draw and how it is used to find any constants mentioned.

Experiment | Description

A

Astudent uses light gates to test the relationship between the distance s that a ball rolls down a slope and the
time taken t, according to the formula:

“lap
S= 20[
where @ is a constant.

Astudent tests that the resistance R of a thermistor varies with the temperature 7, (measured in K) according to
the formula:

R= efkT

where kis a constant.

A student tests the relationship between V; the output voltage from a transformer and V,, the input voltage. He
uses the formula:

where N;and N, are the number of turns on the output and input coils respectively.

Astudent tests the relationship between the magnetic flux density B at the centre of a circular coil and the current
I'in the coil. She uses the formula:
5 U, NI
R
where N is the number of turns in the coil, R is the radius of the coil and u, is the permeability of free space.

Astudent tests the relationship between the peak alternating current I, and the frequency fof the applied
alternating voltage. She finds the formula:

V 2
(&) = +{3wre)
I 4

where V, is the peak value of the alternating voltage, R is the resistance of the circuit and C is the capacitance.

Astudent tests that, when a burette tap is opened, the volume V of liquid changes with time t according to the formula:
V=V e*
where I, is the initial volume and A is a constant.

A student tests that the terminal velocity v of a steel ball falling through oil depends upon the radius R of the ball
according to the formula:

v=AR?
where Ais a constant.

One end of a metre rule is clamped horizontally and the other end has a mass attached. The distance between
the clamp and the centre of the mass is [. A student tests that the period 7, when the rule oscillates up and down,
depends upon [ according to the formula:

T2=kp
where kis a constant for the rule.

A student has two small coils and notices that an alternating p.d. applied to one coil produces an alternating e.m.f.
Vin the other, even though they are not connected. There is a distance [ between the two coils. He suggests that V
isinversely proportional to /.
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Exam-style questions

1 Anailis placed vertically with its sharp end in contact with a piece of wood. When a mass falls
a height h onto the flat end of the nail, the nail is driven into the wood. It is suggested that the
distance d that the nail is driven into the wood depends on h according to the formula:

d=kh"
where k and n are constants.

Design a laboratory experiment to investigate the relationship between d and h in order to find
avalue for n. You should draw a diagram showing the arrangement of your equipment. In your
account you should pay particular attention to the:

a procedure to be followed [2]
b measurements to be taken [4]
¢ control of variables 2]
d analysis of the data 2]
e safety precautions to be taken. 1]
Remember also to give additional detail, state the graph you would plot and how it should
be used.
2 AmassMissuspended vertically from a spring with spring constant k. When the mass is
displaced downwards it oscillates up and down. The time for ten complete oscillations
Tis measured.
Itis suggested that/, M and k are related by the equation:
M
I:ZOn\/%
a Agraphis plotted of 72 on the y-axis against M on the x-axis.
Determine an expression for the gradient in terms of k. 2]
b Valuesof Tand M are given in this table:
M/ kg | T/s | T2/ 32
0.075 10.8+£0.3
0.125 13.7+£0.3
0.175 16.8£0.3
0.225 19.0+£0.3
0.275 20.6+0.3
0.325 22.5+0.3
Calculate and record values of T2 /s Include the absolute uncertainties in T2 [2]
c i PlotagraphofT?/s?against M/ kg. Include error bars for T2 2]
ii  Draw the straight line of best fit and a worst acceptable straight line
on your graph. [2]
iii Determine the gradient of the line of best fit. Include the uncertainty
in your answer. 2]
d i Determineavalue for k. Include an appropriate unit in your answer. 1]
ii  Determine the percentage uncertainty in your value of k. [1]

e Theexperimentis repeated with M=0.200 kg. Determine the value of T.
Include the percentage uncertainty in your answer. 2]
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Glossary

absolute scale of temperature; see thermodynamic scale.
absolute zero The temperature at which a system has minimum
internal energy; equivalent to —273.15°C.
absorption line spectrum A dark line of a unique wavelength seen
in a continuous spectrum.
acceleration The rate of change of an object’s velocity:

Av

AU

Unit: ms=.
accuracy An accurate value of a measured quantity is one which is
close to the true value of the quantity.
acoustic impedance Acousticimpedance Zis the product of the
density p of a substance and the speed ¢ of sound in that substance
(Z=pc). Unit: kgm=?s7.
activity The rate of decay or disintegration of nuclei in a radioactive
sample.
ampere The Sl unit of electric current (abbreviated A).
amplitude The maximum displacement of a particle from its
equilibrium position.
amplitude modulation Aform of modulation in which the signal
causes variations in the amplitude of a carrier wave.
analogue signal Asignalthatis continuously variable, having a
continuum of possible values.
analogue-to-digital conversion (ADC) Conversion of a continuous
analogue signal to discrete digital numbers.
angular displacement The angle through which an object movesin
acircle.

angular frequency The frequency of a sinusoidal oscillation
expressed in radians per second:

2n
angular frequency 0=—

angular velocity The rate of change of the angular position of an
object as it moves along a curved path.
antinode A pointon a stationary wave with maximum amplitude.

atomic mass unit A unit of mass (symbol u) approximately equal to
1.661x 107 kg. The mass of an atom of léC =12.000u exactly.

attenuation The gradualloss in strength or intensity of a signal.

average speed The total distance travelled by an object divided by
the total time taken.

Avogadro constant The number of particles in one mole of any
substance (approximately 6.02x 102% mol™), denoted N,

band theory Theidea that electronsin a solid or liquid can
have energies within certain ranges or bands, between which are
forbidden values.

bandwidth (communications) A measure of the width of a range of
frequencies being transmitted.

base units Defined units of the Sl system from which all other units
are derived.

best fit line Astraightline drawn as closely as possible to the points
of a graph so that similar numbers of points lie above and below the
line.

binding energy The minimum external energy required to separate
all the neutrons and protons of a nucleus.

bit A basic unit of information storage, the amount of information
stored by a device that exists in only two distinct states, usually given
as the binary digits 0 and 1.

Boltzmann constant Afundamental constant given by

R ) ) .
k:N—, where Ris the ideal gas constant and N, is the
A

Avogadro constant.

Boyle’s law The pressure exerted by a fixed mass of gas is inversely
proportional to its volume, provided the temperature of the gas
remains constant.

braking radiation X-rays produced when electrons are decelerated
(also called Bremsstrahlung radiation).

capacitance The ratio of charge stored by a capacitor to the
potential difference across it.

carrier wave A waveform (usually sinusoidal) which is modulated by
an input signal to carry information.

centre of gravity The point where the entire weight of an object
appearsto act.

centripetal force The resultant force acting on an object movingin a
circle; itis always directed towards the centre of the circle.

characteristic radiation Very intense X-rays producedin an
X-ray tube, having specific wavelengths that depend on the target
metal.

charge carrier Any charged particle, such as an electron,
responsible for a current.

Charles’s law The volume occupied by a gas at constant pressure is
directly proportional to its thermodynamic (absolute) temperature.
closed system A system of interacting objects in which there are no
external forces.

coaxial cable An electrical cable with aninner conductor
surrounded by a tubular insulating layer and an outside conducting
layer.

coherent Two sources are coherent when they emit waves with a
constant phase difference.

collimated beam A parallel-sided beam of radiation.

components (of a vector) The magnitudes of a vector quantity in
two perpendicular directions.

compression Aregion in a sound wave where the air pressure is
greater than its mean value.

compressive Describes a force that squeezes an object.
computerised axial tomography Atechnique in which X-rays are
used to image the human body in order to produce a computerised
3-Dimage.

conduction band Arange of electron energies in a solid; electrons in
the conduction band are free to move throughout the material.
conservation of momentum In a closed system, when bodies
interact, the total momentum in any specified direction remains
constant.

constructive interference When two waves reinforce to give
increased amplitude.



contact force The force an object exerts on another with which itis
in contact.

contrast In a high-contrastimage, there is a big difference in
brightness between bright and dark areas.

contrast media Materials such as barium that easily absorb X-rays. A
contrast medium is used to reveal the outlines or edges of soft tissues
inan X-ray image.

coulomb The Sl unit of electrical charge (abbreviated C). A charge of

1C passes a point when a current of 1A flows for 1s. 1C=1As.

Coulomb’s law Any two point charges exert an electrical force on
each other that is proportional to the product of their charges and
inversely proportional to the square of the distance between them.

countrate The number of particles (beta or alpha) or gamma-ray
photons detected per unit time by a Geiger-Miller tube. Count rate is
always a fraction of the activity of a sample.

couple A pairof equal and antiparallel forces having a turning effect
but no resultant force.

damped Describes an oscillatory motion in which the amplitude
decreases with time due to energy losses.

de Broglie wavelength The wavelength associated with a moving
particle, given by the equation:

h

T mv

decay constant The constant Aforan isotope that appearsin
the equation A=—AN. It is the probability of an individual nucleus
decaying per unit time interval.

decibel Alogarithmic unit of measurement that expresses
the relative sizes of two powers using the formula 10 lg(P—l).
2

density The mass per unit volume of a material:

m
P=7
Unit: kgm=.
dependent variable Thevariable in an experiment with a value that
changes as the independent variable is altered by the experimenter.

derived units Units which are combinations of the base units of the
Sl system.

destructive interference When two waves cancel to give reduced
amplitude.

diffraction The spreading of a wave when it passes through a gap or
past the edge of an object.

digital signal Asignal that hasonly a few possible values, often only
two.

digital-to-analogue conversion (DAC) Conversion of a series of
digital numbers into a continuous analogue signal.

dispersion The splitting of light into its different wavelengths.

displacement The distance moved by an object in a particular
direction (measured from a fixed starting point).

Doppler effect The change in frequency or wavelength of a wave
observed when the source of the wave is moving towards or away
from the observer (or the observer is moving relative to the source).

drag Aforce that resists the movement of a body through a fluid.

drift velocity, mean The average speed of a collection of charged
particles when a current flows.

dynamics The study of motion using quantities such as force and mass.

Glossary

e.m.f. The total work done when unit charge is moved round a
complete circuit. Unit: JCor volt (V).

efficiency The ratio of useful output energy to the total input energy
for a device, expressed as a percentage:

useful output energy

- x100%
total input energy

efficiency =

Einstein relation This refers to the equation for the energy of a
photon:

hc

E=hf or E=T

elastic limit The value of stress beyond which an object will not
return to its original dimensions.

elastic potential energy Energy stored in a stretched or
compressed material.

electric charge A property of a body that gives rise to a force on the
body when it is within an electric field.

electric field Aregioninwhich a charged body experiences a force.
electric field strength The force per unit positive charge at a point.
Unit:Vm=orNC™,

electric potential The energy per unit charge due to a charged
body’s position in an electric field.

electrical resistance The ratio of potential difference to current.
Unit: ohm (Q).

electrolyte An electrically conducting solution. The conduction is
due to positive and negative ions in the solution.

electromagnetic spectrum The family of waves that travel through
avacuum at a speed of 3.00x 108 m s,

electronvolt The energy gained by an electron travelling through a
p.d.of 1volt. 1eV=1.60x107J.

elementary charge The smallest unit of charge that a particle oran
object can have. It has a magnitude of 1.60x 107 C.

emission line spectrum A sharp and bright line of a unique
wavelength seen in a spectrum.

energy A calculated quantity which is conserved during any change;
that which is transferred when a force does work.

energy band Arange of permitted electron energies in a solid.
energy level Aquantised energy state of an electronin an atom.
equation of state foranideal gas:

pV=nRT or pV=NkT

(Also known as the ideal gas equation.)

equations of motion Fourinterrelated equations that can be used
to determine the displacement, initial velocity, final velocity and
acceleration of a body moving with constant acceleration.

equilibrium An object in equilibrium is either at rest or travelling with
a constant velocity because the resultant force on it is zero.

errors Inaccuracies when taking measurements.

evaporation The process by which a liquid becomes a gas at a
temperature below its boiling point.

exponential decay Describes the decrease of a quantity where the
rate of decrease is proportional to the value of the quantity.

extension The change in the length of a material from its original
length.

farad The unit of capacitance (abbreviated F). 1F=1CV..
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Faraday’s law of electromagnetic induction Theinduced e.m f.is
proportional to the rate of change of magnetic flux linkage.

field lines Lines drawn to represent the strength and direction of a
field of force.

field of force A region of space where an object feels a force; the
force may be gravitational, electric, magnetic, etc.

First law of thermodynamics Theincreaseininternal energy of a
body is equal to the thermal energy transferred to it by heating plus
the mechanical work done on it.

Fleming’s left-hand (motor) rule Thisruleis used to predict the
force experienced by a current-carrying conductor placed in an
external magnetic field:

thumb — motion, first finger — magnetic field and

second finger — conventional current.

Fleming’s right-hand (generator) rule This ruleis used to predict
the direction of the induced current or e.m.f. in a conductor moved
atright angles to a magnetic field: thumb — motion, first finger —»
magnetic field and second finger — induced conventional current.

forbidden gap Arange of energy values which an electron in a solid
cannot have.

force constant The ratio of force to extension for a spring or a wire.
Unit: Nm™.

forced oscillation An oscillation caused by an external driving
force; the frequency is determined by the driving force, and is not the
natural frequency of the oscillator.

free-body force diagram A diagram showing all the forces acting on an
object (but not the forces it exerts on other objects).

free oscillation An oscillation atis the natural frequency of the
oscillator.

frequency The number of oscillations per unit time. Unit:

hertz (Hz).

frequency modulation Aform of modulation in which the signal
causes variations in the frequency of a carrier wave.

fundamental frequency The lowest-frequency stationary wave for a
particular system.

gain The voltage gain of an amplifier is the ratio of the output voltage
to the input voltage.

geostationary orbit The orbit of an artificial satellite which has a
period equal to one day so that the satellite remains above the same
point on the Earth’s equator. From Earth the satellite appears to be
stationary.

gravitational field Aregion where any object with mass experiences
aforce.

gravitational field strength The gravitational force experienced by
an object per unit mass:

9="n
gravitational potential The gravitational potential energy per unit
mass at a point in a gravitational field.

gravitational potential energy The energy a body has due to its
position in a gravitational field.

ground state The lowest energy state that can be occupied by an
electroninan atom.

hadron Any particle which is affected by the strong nuclear force,
made from two or three quarks or anti-quarks.

half-life The mean time taken for half the number of active nucleiin
aradioactive sample to decay.

half-thickness The mean thickness of an absorbing material
required to reduce the intensity of radiation by half.

Hall effect The production of a voltage across a conductor when
a current flows through the conductor at right angles to a magnetic
field.

Hallvoltage The voltage produced across a conductor when a
current flows through the conductor at right angles to a magnetic
field; used in a Hall probe to measure B since V,, o< B.
harmonic Awave of frequency n times the fundamental frequency,
where nis an integer.
Hooke’s law The extension produced in an object is proportional to
the force producing it.
ideal gas A gasthat behaves according to the equation pV/=nRT or
pV=NKT.
ideal gas equation for anideal gas:

pV=nRT or pV=NKT

(Also known as the ideal gas equation.)

image intensifier A device used to change a low-intensity X-ray
image into a bright visual image.

impedance matching The reduction in intensity of ultrasound
reflected at the boundary between two substances, achieved when
the two substances have similar acoustic impedances.

independent variable The variable in an experiment with a value
thatis altered by the experimenter.

inelastic A collision isinelastic when kinetic energy is not conserved;
some is transferred to other forms such as heat. Momentum and total
energy are always conserved.

inertia A measure of the mass of an object. A massive object has
large inertia.

instantaneous speed The speed of an object measured over a very
short period of time.

intensity The power transmitted normally through a surface per unit
area:

power

intensity = -
Y cross-sectional area

Unit: Wm=,
interference The formation of points of cancellation and
reinforcement where two coherent waves pass through each other.

internal energy The sum of the random distribution of kinetic and
potential energies of the atoms or molecules in a system.

internal resistance The resistance of an e.m.f. source.
Theinternal resistance of a battery is due to the chemicals within it.

intrinsic semiconductor A pure substance whose resistivity is
intermediate between that of a conductor and an insulator.

inverting amplifier A circuit, involving the use of an amplifier, where
the output is 180° out of phase with the input.

ion Anatom with a net positive or negative charge.

isotopes Nuclei of the same element with a different number of
neutrons but the same number of protons.

I-V characteristic A graph of current against voltage for a particular
component of an electrical circuit.



kinematics The study of motion using quantities such as time,
distance, displacement, speed, velocity and acceleration.

kinetic energy Energy of an object due to its motion.

kinetic theory of gases A model based on the microscopic motion
of atoms or molecules of a gas.

Kirchhoff’s first law The sum of the currents entering any point (or
junction) in a circuit is equal to the sum of the currents leaving that
same point. This law represents the conservation of charge.

Kirchhoff’s second law The sum of the e.m.f.s round a closed loop
in a circuit is equal to the sum of the p.d.s in that same loop.

Larmor frequency The frequency of precession of a nucleusin an
external magnetic field.

Lenz’s law Aninduced currentore.m.f.isin a direction so as to
produce effects which oppose the change producing it.

lepton A sub-atomic particle which is not affected by the strong
nuclear force.

light-dependent resistor (LDR) A resistor whose resistance
decreases as the intensity of light falling on it increases.

light-emitting diode (LED) A semiconductor component that emits
light when it conducts electricity.

linear momentum The product of an object’s mass and its velocity,
p=mv. Momentum is a vector quantity.

longitudinal wave A wave in which the particles of the medium
oscillate along the direction in which the wave travels.

lost volts The difference between the em.f. and the terminal p.d. in
a circuit. Itis equal to the voltage across the internal resistance.

magnetic field A force field in which a magnet, a wire carrying a
current, or a moving charge experiences a force.

magnetic flux The product of magnetic flux density normalto a
circuit and the cross-sectional area of the circuit. Unit: weber (Wb).

magnetic flux density The strength of a magnetic field. Magnetic
flux density B is defined as:

_f
B=IL

where Fis the force experienced by a conductor in the magnetic field,
listhe currentin the conductor and L is the length of the conductorin
the magnetic field. (The conductor s at right angles to the field.)

magnetic flux linkage The product of magnetic flux and the number
of turns. Unit: weber (Wb).

magnetic resonance imaging (MRI) A medical imagingtechnique
which uses nuclear magnetic resonance.

mass A measure of the amount of matter within an object. Unit:
kilogram (kg).

mass defect The difference between the total mass of the individual,
separate nucleons and the mass of the nucleus.

mass excess the difference between the mass of a nuclide (in u) and
its mass number.

mean drift velocity The average speed of a collection of charged
particles when a current flows.

microwave link A communications system that uses a beam of radio
waves in the microwave frequency range to transmit audio, data or
video information.

modulation The process of using one waveform to alter the
frequency, amplitude or phase of another waveform.

Glossary

mole The amount of matter which contains 6.02x 1023
particles.

moment The moment of a force about a point is the magnitude of
the force, multiplied by the perpendicular distance of the point from
the line of the force. Unit: Nm.

monochromatic Describes light of a single frequency.

natural frequency The unforced frequency of oscillation of a freely
oscillating object.

negative feedback The output of a system is used to oppose
changes to the input of the system, with the result that the changes
are reduced.

neutrino A lepton, released during beta-decay.

neutron number The number of neutronsin the nucleus of an atom.

newton The force that will give a 1kg mass an acceleration of 1ms=
in the direction of the force. IN=1kgms=.

Newton’s first law of motion An object will remain at rest or keep
travelling at constant velocity unless it is acted on by a resultant
force.

Newton’s law of gravitation Any two point masses attract each
other with a force that is directly proportional to the product of their
masses and inversely proportional to the square of their separation.

Newton’s second law of motion The resultant force actingon an
objectis equal to the rate of change of its momentum. The resultant
force and the change in momentum are in the same direction.

Newton’s third law of motion When two bodies interact, the forces
they exert on each other are equal and opposite.

node A pointon a stationary wave with zero amplitude.
noise An unwanted random addition to a transmitted signal.

non-inverting amplifier A circuit, involving the use of an amplifier,
in which the output is in phase with the input.

nuclear fission The splitting of a nucleus (e.g. 2S§U) into two large
fragments and a small number of neutrons.

nuclear fusion Anuclearreaction in which two light nuclei

(e.g. %H) join together to form a heavier but more stable nucleus.
nuclear magnetic resonance A processinwhich radio waves are
absorbed or emitted by nuclei spinning in a magnetic field.

nuclear model of the atom A model of the atom in which negative
charges (electrons) are distributed outside a tiny nucleus of positive
charge.

nucleon number The number of neutrons and protons in the
nucleus of an atom (also called mass number).

nucleon A particle found in an atomic nucleus, i.e. a neutron or a
proton.

nucleus The tiny central region of the atom that contains most of the
mass of the atom and all of its positive charge.

nuclide A specific combination of protons and neutrons in a nucleus.

number density The number of particles, such as free electrons, per
unit volume in a material.

Ohm’s law The currentin a metallic conductor is directly
proportional to the potential difference across its ends, provided its
temperature remains constant.

operational amplifier (op-amp) A high-gain electronic d.c. voltage
amplifier with differential inputs and, usually, a single output.

optic fibre Aglass or plastic fibre that carries light along its length.
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oscillation Arepetitive back-and-forth or up-and-down motion.
parallel Describes components connected side-by-side in a circuit.

path difference The difference in the distances travelled by two
waves from coherent sources at a particular point.

perfectly elastic A collision is perfectly elastic when kinetic energy
is conserved. Momentum and total energy are always conserved.

period The time taken by an object (e.g. a planet) to complete one
cycle (e.g. an orbit). The period is also the time taken for one complete
oscillation of a vibrating object. Unit: second (s).

phase Refers to the pointthat an oscillating mass has reached in a
complete cycle.

phase difference The difference in the phases of two oscillating
particles, expressed in degrees or radians.

photoelectric effect Aninteraction between a photon and an
electronin an atom, in which the electron is removed from the atom.

photon A particle of electromagnetic radiation.

piezo-electric crystal A material that produces an e.m.f. whenitis
stressed, causing its shape to change. Also, when a voltage is applied
across itin one direction, it changes its dimensions slightly.

piezo-electric effect The production of an e.m.f. between the faces
of a crystal when the crystal is compressed.

Planck constant The constant which links the energy of a photon
and its frequency, in the equation:

E=hf

plum-pudding model A model of the atom in which negative
charges are distributed throughout a sphere of positive charge.

positron An anti-electron.

potential difference (p.d.) The energy lost per unit charge by
charges passing through a component. Unit: JC or volt (V).

potential divider A circuitin which two or more components are
connected in series to a supply. The output voltage from the circuit is
taken across one of the components.

potentiometer A circuit which allows the measurement of an e.m.f.
by comparison with a known e.m.f.

power The rate at which energy is transferred or the rate at which
work is done. Unit: watt (W).

precession The movement of the axis of a spinning object (proton)
around another axis.

precision The smallest change in value that can be measured by
an instrument or an operator. A precise measurement is one made
several times, giving the same, or very similar, values.

pressure The force acting normally per unit area of a surface:
F

P2

Unit: Nm= or pascal (Pa).

principle of conservation of energy The idea that, within a closed
system, the total amount of energy in all its forms is unchanged
during any change.

principle of moments For an objectin equilibrium, the sum
of clockwise moments about a point is equal to the sum of
anticlockwise moments about the same point.

principle of superposition When two or more waves meet at a
point, the resultant displacement is the sum of the displacements of
the individual waves.

progressive wave Awave that carries energy from one place to
another.

projectile Any object thrown in the Earth’s gravitational field.

proton number The number of protons in the nucleus of an atom
(also called atomic number).

quarks The fundamental particles of which hadrons are made.

radian A unitfor measuring angles. 2rradians=360° or mt
radians=180°.

range The horizontal distance covered by an object.

rarefaction Aregioninasound wave where the air pressure is less
than its mean value.

rectification The process of converting alternating current (a.c.) into
direct current (d.c.).

red shift the change in frequency or wavelength of a spectral line
observed when the source of light is moving away from the observer;
see Doppler effect.

reflection The bouncing back of a wave from a surface.

refraction The change in direction of a wave as it crosses an
interface between two materials where its speed changes.

regeneration Restoration of a signal to its original form, usually by
removing or reducing noise and increasing signal strength.

relative speed The magnitude of the difference in velocities
between two objects.

relaxation time The time taken for a nucleus or other excited system
to fall back to a lower energy state.

relay An electrically operated switch, caused to open and close by
currentin a coil.

repeater An electronic device that receives a signal and retransmits it.

resistivity A property of a material, a measure of its electrical
resistance, defined by:
_ RA

L
Unit: OQm.

resistor An electrical component whose resistance in a circuit remains
constant, is independent of current or potential difference.

resonance The forced motion of an oscillator characterised by
maximum amplitude when the forcing frequency matches the
oscillator’s natural frequency. A system absorbs maximum energy
from a source when the source frequency is equal to the natural
frequency of the system.

rest mass The mass of a anisolated stationary particle.

resultant force The single force that has the same effect as all of
the forces acting on an object.

right-hand grip rule Arule forfinding the direction of the magnetic
field inside a solenoid. If the right hand grips the solenoid with the
fingers following the direction of the conventional current around the
solenoid, then the thumb points in the direction of the magnetic field.

sampling Taking the value of a continuous signal at regular intervals.
scalar quantity Ascalar quantity has magnitude but no direction.

semiconductor diode An electrical component made from a
semiconductor material (e.g. silicon) that only conductsin one
direction. A diode in ‘reverse bias’ has an infinite resistance.

sensor A device that produces an output (usually a voltage) in
response to an input.



series Aterm used when components are connected end-to-end in
acircuit.

sharpness The degree of resolution in an image, which determines
the smallest item that can be identified.

simple harmonic motion Motion of an oscillator in which its
acceleration is directly proportional to its displacement from its
equilibrium position and is directed towards that position.

solenoid Along current-carrying coil used to generate a uniform
magnetic field within its core.

specific heat capacity The energy required per unit mass of a
substance to raise its temperature by 1K (or 1°C). Unit: Jkg™ K.

specific latent heat of fusion The energy required per unit mass
of a substance to change it from solid to liquid without a change in
temperature. Unit: Jkg™.

specific latent heat of vaporisation The energy required per unit
mass of a substance to change it from liquid to gas without a change
in temperature. Unit: Jkg™.
speed The rate of change of the distance moved by an object:
distance
speed=———""—
time

Unit: ms™.

spin Afundamental property of subatomic particles which is
conserved during atomic and nuclear reactions.

stationary wave A wave pattern produced when two progressive
waves of the same frequency travelling in opposite directions
combine. Itis characterised by nodes and antinodes. Also known as a
standing wave.

strain The extension perunit length produced by tensile or
compressive forces:
extension

strain= original length

strain energy The potential energy stored in an object when itis
deformed elastically.

strain gauge A device that contains a fine wire sealed in plastic. Its
electrical resistance changes when the object to which it is attached
changes shape.

stress The force acting per unit cross-sectional area:
force

stress = -
cross-sectional area

strong nuclear force Afundamental force which acts between
hadrons.

systematic error An errorin readings which is repeated throughout
an experiment, producing a constant absolute error or a constant
percentage error.

tensile Associated with tension or pulling, e.g. a tensile force.

terminal p.d. The potential difference across an external resistor
connected to an e.m.f. source.

terminal velocity The maximum velocity of an object travelling
through a fluid. The resultant force on the object is zero.

tesla The Sl unit of magnetic flux density (abbreviated T).
1T=1NATm™

thermal energy Energy transferred from one object to another
because of a temperature difference; another term for heat energy.
thermal equilibrium A condition when two or more objects in
contact have the same temperature so that there is no net flow of
energy between them.

Glossary

thermistor A device whose electrical resistance changes when its
temperature changes.

thermocouple A device consisting of wires of two different metals
across which an e.m.f. is produced when the two junctions of the wires
are at different temperatures.

thermodynamic scale Atemperature scale in which temperature is
measured in kelvin (K).

threshold frequency The minimum frequency of electromagnetic
radiation that will eject electrons from the surface of a metal.

threshold voltage The minimum forward bias voltage across a light-
emitting diode (LED) when it starts to conduct and emit light.

time constant The time taken for the current, stored charge or
p.d.to fallto 1/e (about 37%) of its original value when a capacitor
discharges through a resistor. It is also equal to the product of
capacitance and resistance.

torque of a couple The product of one of the forces of a

couple and the perpendicular distance between them.

Unit: Nm.

tracers Radioactive substances used to investigate the function of
organs of the body.

transducer A general term used for any device that changes one
form of energy into another.

transition When an electron makes a jump’ between two energy
levels.

transverse wave Awave in which the particles of the medium
oscillate at right angles to the direction in which the wave travels.
triangle of forces A closed triangle drawn for an objectin
equilibrium. The sides of the triangle represent the forces in both
magnitude and direction.

turns-ratio equation An equation relating the ratio of voltages to
the ratio of numbers of turns on the two coils of a transformer:

Vi N

s _ s
Vo o Ny
unified atomic mass unit A convenient unit used for the mass of

atomic and nuclear particles (1 uis equal to the mass of a léC carbon
atom).

1u=1.66x10"2"kg

uniform acceleration Acceleration that remains constant.

uniform motion Motion of an object travelling with a constant
velocity.

upthrust The upward force that a liquid exerts on a body floating or
immersed in a liquid.

valence band arange of electron energies in a solid; electrons in the
valence band are bound to individual atoms.

vector addition Using a drawing, often to scale, to find the resultant
of two or more vectors.

vector quantity A quantity which has both magnitude and direction.

vector triangle Atriangle drawn to determine the resultant of two
vectors.

velocity The rate of change of the displacement of an object:

change in displacement
time taken

velocity =
Unit: ms™.

You can think of velocity as ‘speed in a certain direction’.
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virtual earth approximation An approximation in which the two
inputs of an op-amp are nearly at the same potential.

viscous forces Forces thatacton a body moving through a fluid that
are caused by the resistance of the fluid.

voxel Asmall cubein athree-dimensional image, the equivalent of a
pixelin a two-dimensional image.

wave A periodic disturbance travelling through space, characterised
by a vibrating medium.

wavelength The distance between two adjacent peaks or troughs in
awave.

weak nuclear force Afundamental force, involved in radioactive
B-decay.

weight The force on an object caused by a gravitational field acting
on its mass:

weight=massxacceleration of free fall

Unit: newton (N).

wire-pair Atype of electrical wiring in which the two conductors
needed to carry a signal are placed close together.

work done The product of the force and the distance moved in the
direction of the force.

work function The minimum energy required by a single electron to
escape a metal surface.

X-ray tube Adevice that produces X-rays when accelerated
electrons hit a target metal.

Young modulus The ratio of stress to strain for a given material,
resulting from tensile forces, provided Hooke’s law is obeyed:

stress

strain

Young modulus =

Unit: pascal (Pa; or MPa, GPa).

zero error Asystematic errorin an instrument that gives a non-zero
reading when the true value of a quantity is zero.
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