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Syllabus roadmap

The aim of the syllabus is to integrate concepts, topic content and the NOS through
inquiry. Students and teachers are encouraged to personalize their approach to the

syllabus according to their circumstances and interests.

Skills in the study of physics should be integrated into the syllabus content.
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Authors’ introduction to the third edition

Welcome to your study of IB Diploma Programme (DP) Standard Level (SL) physics!
This textbook has been written to match the specifications of the new physics
curriculum for first assessments in 2025 and gives comprehensive coverage of the
course.

Content

The book covers the content that is common to all DP physics students.

The sequence of the chapters matches the sequence of the subject guide themes, with
textbook chapter numbering matching the guide topic numbering.

Each chapter starts with a caption for the opening image, the Guiding Questions, an
introduction (which gives the context of the topic and how it relates to your previous
knowledge) and the Understandings for the topic. These will give a sense of what is
to come, with the Understandings providing the ultimate checklists for when you are
preparing for assessments.

How can the motion of a body be described quantitatively and qualitatively?

How can the position of a body in space and time be predicted?

The text covers the course content using plain language, with all scientific terms
explained. We have been careful to apply the same terminology you will see in IB
examinations in worked examples and questions.

Linking Questions that relate topics to one another can be found throughout, with a
hint as to where the answer might be located. The purpose of Linking Questions is

to connect different areas of the subject to one another — between topics and to the
Nature of Science (NOS) more generally. These questions will encourage an open mind
about the scope of the course during your first read through and will be superb stimuli
for revision.

How does the motion
of a mass (A.1)ina
gravitational field (D.1)
compare to the motion
of a charged particle in
an electric field (D.2)7

Each chapter concludes with Guiding Questions revisited and a summary of the chapter,
in which we describe how we sought to present the material and what you should now
know, understand and be able to do. The Guiding Question revisited bulleted lists are
available as downloadable PDFs from the eBook to help you with revision.

Guiding Questions revisited

How can we use our knowledge and understanding of the torques acting ona
system to predict changes in rotational motion?

If no external torque acts on a system, what physical quantity remains constant for
a rotating body?
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Aims
Using this textbook as part of your course will help you meet these IB DP physics
aims to;
+ develop conceptual understanding that allows connections to be made between
different areas of the subject, and to other DP sciences subjects
« acquire and apply a body of knowledge, methods, tools and techniques that
characterize science
» develop the ability to analyze, evaluate and synthesize scientific information
and claims
+ develop the ability to approach unfamiliar situations with creativity and
resilience
* design and model solutions to local and global problems in a scientific context
* develop an appreciation of the possibilities and limitations of science
* develop technology skills in a scientific context
* develop the ability to communicate and collaborate effectively
» develop awareness of the ethical, environmental, economic, cultural and social
impact of science.

Nature of physics

Physicists attempt to understand the nature of the Universe. They seek to expand
knowledge through testing hypotheses and explaining observations, and by a
commitment to checking and re-checking in a bid to set out basic principles. ‘Doing
physics’ involves collecting evidence to reach partial conclusions, creating models to
mediate and enable understanding, and using technology.

Physics flowchart. ’ Observation

No
Can we explain this? B Define quantities

Yes l \L

Introduce laws

Apply laws

Explain observation

Solve problems

You will find examples of the nature of physics throughout this book, such as the
scattering experiments in E.1, the relationships between pressure, volume and
temperature in B.3, and detecting radiation in E.3.

Nature of Science

Throughout the course, you are encouraged to think about the nature of scientific
knowledge and the scientific process as it applies to physics. Examples are given of
the evolution of physical theories as new information is gained, the use of models
to conceptualize our understanding, and the ways in which experimental work is



enhanced by modern technologies. Ethical considerations, environmental impacts,
the importance of objectivity and the responsibilities regarding scientists’ code of

conduct are also considered here. The emphasis is not on memorization, but rather
on appreciating the broader conceptual themes in context. We have included some

examples but hope that you will come up with your own as you keep these ideas at the
forefront of your learning.

The following table provides a comprehensive list of the elements of the Nature of
Science that you should become familiar with.

Element

Making
observations

Identifying

patterns and
trends

Suggesting
and testing
hypotheses

Experimentation

Measuring

Using models

Collecting
evidence

Proposing and
using theories

Falsification

Perceiving
science as a
shared endeavor

Commitment to
global impact

Details

Using the human senses, or instruments, and identifying new fields
for exploration.

Using inductive reasoning (from specific cases to more general laws)
and classification of bodies (in overlapping ways), and distinguishing
between correlation (relationships between two variables) and
causation (when one variable has an effect on another).

Provisional qualitative and quantitative relationships with
explanations before experimentation is carried out, which can then
be tested and evaluated.

The process of obtaining data, testing hypotheses, controlling
variables, deciding the appropriate quantity of data and developing
technology that requires creativity and imagination.

Recognizing limitations in precision and accuracy, carrying out
repeats for reliability, and accepting the existence of and quantifying
the random errors that lead to imprecision and uncertainty and the
systematic errors that lead to inaccuracy.

Artificial representations of natural phenomena that are useful
when direct observation is difficult, and simplifications of complex
systems in the form of physical representations, abstract diagrams,
mathematical equations or algorithms, which have inherent
limitations.

Used to evaluate scientific claims to support or refute scientific
knowledge.

Understanding theories (general explanations with wide
applicability), deductive reasoning (from the general to the specific)
when testing for corroboration or falsification of the theory,
paradigm shifts (new and different ways of thinking) and laws (that
allow predictions without explanation).

Accepting that evidence can refute a claim but cannot prove truth
with certainty.

Making use of agreed conventions, common terminology and peer
review in the spirit of global communication and collaboration.

Assessing risk to ensure that no harm is done and the ethical,

environmental, political, social, cultural, economic and unintended
consequences that work may have through compliance with ethics
boards and by communicating honestly and clearly with the public.
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Learning physics
Approaches to learning

The IB aspires for all students to become more skilled in thinking, communicating,
social activities, research and self-management.

In physics, thinking might include:

* being curious about the natural world

* asking questions and framing hypotheses based upon sensible
scientific rationale

* designing procedures and models

* reflecting on the credibility of results

* providing a reasoned argument to support conclusions

* evaluating and defending ethical positions

* combining different ideas in order to create new understandings

* applying key ideas and facts in new contexts

« engaging with, and designing, linking questions

* experimenting with new strategies for learning

+ reflecting at all stages of the assessment and learning cycle.

High-quality communication looks like:

* practicing active listening skills

* evaluating extended writing in terms of relevance and structure

+ applying interpretive techniques to different forms of media

* reflecting on the needs of the audience when creating engaging presentations

* clearly communicating complex ideas in response to open-ended questions

* using digital media for communicating information

* using terminology, symbols and communication conventions consistently
and correctly

* presenting data appropriately

* delivering constructive criticism.

The learning you will do socially could involve:

* working collaboratively to achieve a common goal

* assigning and accepting specific roles during group activities

+ appreciating the diverse talents and needs of others

» resolving conflicts during collaborative work

+ actively seeking and considering the perspective of others

* reflecting on the impact of personal behavior or comments on others
* constructively assessing the contribution of peers.

You will carry out research, in particular during the Internal Assessment, that includes:

+ evaluating information sources for accuracy, bias, credibility and relevance

» explicitly discussing the importance of academic integrity and full
acknowledgement of the ideas of others

* using a single, standard method of referencing and citation

* comparing, contrasting and validating information

* using search engines and libraries effectively.



And remember that a significant component of learning comes from you. Maybe you
have even reflected on your skills while reading these bullet points! How competent are
you at these self-management skills?

* breaking down major tasks into a sequence of stages

* being punctual and meeting deadlines

* taking risks and regarding setbacks as opportunities for growth

* avoiding unnecessary distractions

* drafting, revising and improving academic work

* setting learning goals and adjusting them in response to experience
« seeking and acting on feedback.

Inquiry

Combining the approaches to learning
above will facilitate your use of the
tools in physics: experimental
techniques, technology and
mathematics. The next chapter
specifically highlights some

of these tools; the rest can be

found throughout the book.

In turn, these tools will enable Social skills

4 r_ 1 —
you to thrive in the inquiry ' 1 } Exploring and
process, which involves designing
exploring and designing,

collecting and processing data,

and concluding and evaluating.
There are opportunities to

practice the inquiry process

in this book, and the Internal
Assessment chapter includes an
eBook link to exemplar work. You
are also sure to find the collaborative
sciences project to be a highlight, with its:

A

* inclusion of real-world problems Tools for physics.
« integration of factual, procedural and conceptual
knowledge through study of scientific disciplines
* understanding of interrelated systems, mechanisms and processes
* solution-focused strategies
« critical lens for evaluation and reflection
* global interconnectedness (regional, national and local)
« appreciation of collective action and international cooperation.

Vii
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Learner profile

There is an abundance of ways in which your physics course will support your
all-round growth as an IB learner.

Learning Advice on how to develop
attribute

Inquirer + Be curious, conduct research and try to become more independent.
+ Ask questions about the world, search for answers and experiment.
+ Extend your scientific knowledge and engage with existing research.

Knowledgeable + Explore concepts, ideas and issues, and seek to deepen your understanding of facts and procedures.
+ Access a variety of resources.
- Apply your knowledge to unfamiliar contexts.

Thinker » Solve complex problems while reflecting on your strategies.
+ Analyze methods critically and embrace creativity when seeking solutions.
- Practice reasoning and critical thinking (testing assumptions, formulating hypotheses, interpreting
data and drawing conclusions from evidence).

Communicator - Accept opportunities to collaborate.

+ Step out of your comfort zone during group work, for example, by opening discussions or using
scientific language.

» Listen to others and share your ideas.

Principled - Take responsibility for your work, promoting shared values and acting in an ethical manner.

- Acknowledge the work of others, cite your sources and reduce waste.

+ To show integrity during data collection, consider all data, including that which does not match your
hypothesis.

Open-minded + Be aware of the existence of different perspectives and models.
+ Reject or refine your models due to reasoning, deduction or falsification.
+ Challenge perspectives and ideas.

Caring + Protect your environment and aim to improve the lives of others.
» Choose sustainable practices.
- Connect topics to global challenges (like healthcare, energy supply, food production).

Risk-taker + Seek opportunities for learning and challenge.
* Recognize your freedom to try different techniques or methods of learning.
+ Collect experimental data in a bid to falsify (not just validate) ideas.

Balanced * Look holistically at your own development and consider how attentive you are to your tasks.
* Have a balanced perspective on scientific issues.
+ Organize your time to avoid negative impacts on the emotional or social aspects of your life.

Reflective + Consider why and how success is achieved, and how you might change your approach when learning
becomes difficult.

- Review your strategies, methods, techniques and approaches, for example, using success criteria.

- Reflect on your internal network of knowledge.

Vil



How to use this book

The book is written according to the following approach, in which we use electric

fields as an example.

= Acceleration « Coulomb’s law = Exploring field
strength and
potential gradient

» Two rubbed
balloons move
apart

* Unbalanced forces * Work done and
potential energy

= Charge Interpreting

further
observations

of attraction or
current electricity

Anticipating the
model of the atom

Observation

The aim of the course is to be able to model the physical Universe, so first we must
consider a physical process.

A student observes two rubbed balloons moving apart and wonders why they repel.
They realize that there must be an unbalanced force. That is the beauty of physical
laws; they are always right. The student recognizes a similarity with gravity, which is
related to the mass of a body. But gravitational forces are weak and only attractive.

So what is the key property of the body and what is the force? The student does not
know, so they have to add something to their model of the Universe.

Explanation

Having studied mechanics and particles, the student has some knowledge of the
fundamentals of physics. They know that a body will only accelerate if there is an
unbalanced force. We could stop there if this was enough to explain everything, but it
isnot.

The student reads about a new property, charge. Using what they know about
gravitational fields, they expect to learn about field strength (in this case, electric) and
wonder if electric forces follow an inverse square law. They carry out an experiment to
confirm this.

Laws

Some research reveals that electric forces (like all forces) are vectors, that Coulomb’s
law applies to point charges, and that moving a charge in an electric field requires a
force (so work is done).

They then become curious about the energies involved and read about electric
potential energy. They know, using the tool of mathematics, that the area of a graph is
the integral of the function and that the reverse of integration is differentiation, so the
gradient of a graph of potential energy vs position could be force.

The student is unclear about how field strength can be zero when potential energy
is non-zero. They use a simulation and apply the definitions of field strength and
potential to a point midway between two equal charges to explore these ideas.



Dynamic friction is
less than statie friction
$0 Once a car starts to
skid an a corner it will

continue. This is also
why itis not a good
idea to spin the wheels
of a car while going
round a corner.

Negative time does
nol mean going back
in time - it means the

time before you started
the clock.
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Solving problems

The student makes two further observations. The first is of the attraction between
aballoon and a sweater. What might they determine from this? The student then
observes their teacher demonstrating a simple electric circuit. What is the connection
between the balloons and the circuit?

Based on observations, physicists define quantities and make up a series of rules

and laws that fit the observations. They then use these laws to explain further
observations, make predictions and solve problems. And it goes on! Having added to
their knowledge, the student could now use what they know about mechanics and
electricity to develop an understanding of atomic structure.

This example shows how the structure of the book connects factual, procedural and
metacognitive knowledge and recognizes the importance of connecting learning with
conceptual understanding. Learning physics is a non-linear, ongoing process of adding
new knowledge, evolving understanding and identifying misconceptions.

Key to boxes

A popular feature of the book is the different colored boxes interspersed through each
chapter. These are used to enhance your learning as explained below.

Nature of Science

This is an overarching theme in the course to promote concept-based learning.
Through the book, you should recognize some similar themes emerging across
different topics. We hope they help you to develop your own skills in scientific literacy.

Nature of Science

The principle of conservation of momentum is a consequence of Newton's
laws of motion applied to the collision between two bodies. If this applies to
two isolated bodies, we can generalize that it applies to any number of isolated
bodies. Here we will consider colliding balls but it also applies to collisions
between microscopic particles such as atoms.

Global context

The impact of the study of physics is global, and includes environmental, political and
socio-economic considerations. Examples of this are given here to help you to see the
importance of physics in an international context.

Interesting facts

These give background information that will add to your wider knowledge of the topic
and make links with other topics and subjects. Aspects such as historic notes on the
life of scientists and origins of names are included here.



Skills

These indicate links to eBook resources that include ideas for experiments, technology
and mathematics that will support your learning in the course, and help you prepare
for the Internal Assessment. Look out for the gray eBook icons.

Theory of Knowledge

These stimulate thought and consideration of knowledge issues as they arise in
context. Each box contains open questions to help trigger critical thinking and
discussion.

Key fact

These key facts are drawn out of the main text and highlighted in bold. This will help
you to identify the core learning points within each section. They also act as a quick
summary for review.

Hint

These give hints on how to approach questions, and suggest approaches that
examiners like to see. They also identify common pitfalls in understanding, and
omissions made in answering questions.

Challenge yourself

These boxes contain open questions that encourage you to think about the topic in
more depth, or to make detailed connections with other topics. They are designed to
be challenging and to make you think.

Challenge yourself

1. A projectile is launched perpendicular to a 30° slope at 20ms . Calculate the
distance between the launching position and landing position.

Toward the end of the book, there are four appendix chapters: Theory of Knowledge as
it relates to physics, and advice on Internal Assessment, External Assessment and the
Extended Essay.

To find the decay
constant and hence
half-life of short-lived
isotopes, the change

in activity can be
measured over a period
of time using a GM
tube:

Color is perceived but

TOK wavelength is measured.

displacement

velocity = prams

Itis very important to
realize that Newton's
third law is about
two bodies. Avoid
staterments of this law
that do not mention
anything about there
being two bodies.

Xi
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Questions

In addition to the Guiding Questions and Linking Questions, there are three types of
problems in this book.

1. Worked examples with solutions
These appear at intervals in the text and are used to illustrate the concepts covered.

They are followed by the solution, which shows the thinking and the steps used in
solving the problem.

Worked example

A body with a constant acceleration of -5m s is traveling to the right with a
velocity of 20ms™'. What will its displacement be after 20s?

Solution
§=7
u=20ms’!
p=2
a=-5mg?
t=20s

To calculate s, we can use the equation: s = ut + at?
§=20% 20+%(—5) x 20% = 400 - 1000 = -600m

This means that the final displacement of the body is to the left of the starting
point. It has gone forward, stopped, and then gone backward.

2. Exercises

Exercise questions are found throughout the text. They allow you to apply your
knowledge and test your understanding of what you have just been reading. The
answers to these (in PDF format) are accessed via icons in the eBook at the start of each
chapter. Exercise answers can also be found at the end of the eBook.

Q1. Convert the following speeds into ms™:
(a) acartravelingat 100kmh™

(b) arunnerrunning at 20kmh".



3. Practice questions
These questions are found at the end of each chapter. They are mostly taken from
previous years’ IB examination papers. The mark schemes used by examiners when

marking these questions (in PDF format) are accessed via icons in the eBook at the start
of each chapter. Practice question answers can also be found at the end of the eBook.

Practice questions

1. Police car P is stationary by the side of a road. Car S passes car P at a constant
speed of 18 ms™. Car P sets off to catch car S just as car S passes car P. Car P
accelerates at 4.5ms ? for 6.0s and then continues at a constant speed. Car P
takes t seconds to draw level with car S.

(a) State an expression, in terms oft, for the distance car S travels in

t seconds. (1)
(b) Calculate the distance traveled by car P during the first 6.0s of its
motion. (1)

Worked solutions

Full worked solutions to all exercises and practice questions can also be found in the
eBook using the gray icons at the start of each chapter.

eBook

In the eBook you will find the following:
+ answers and worked solutions to all exercises and practice questions
* links to downloadable lab, activity and recommended simulation worksheets
* interactive quizzes (in the Exercises tab of your eBook account)
» and links to videos (in the Exercises tab of your eBook account).

We hope you enjoy your study of IB physics.

Chris Hamper and Emma Mitchell

Extra eBook resources such
as videos and interactive
quizzes can be found in the
Resources and Exercises tabs
of your eBook account.,

Xiii



Skills in the study

of physics




to all three aspects of the tc

s in physics: experimental

atics.

As discussed in the Introduction, an excellent IB physicist should be aware of the
course aims, appreciate the nature of physics (and science more broadly), and know
how to learn and how to inquire.

The skills associated with inquiry have already been discussed and will be referred to
once again in the Internal Assessment and Extended Essay chapters. In this chapter,
you will find out about the three tools that physicists benefit most from: experimental
techniques, technology and mathematics.

Read this chapter before embarking on your studies and continue to refer back to
the skills addressed, as almost all elements could be required in any of the topics that
follow. When preparing for External Assessment (in particular Paper 1B), you may
wish to attempt the practice questions that are located in the eBook.

Tool 1: Experimental techniques

Physics is about modeling the physical Universe so that we can predict outcomes, but
before we can develop models, we need to define quantities and measure them. To
measure a quantity, we first need to invent a measuring device and define a unit. When
measuring, we should try to be as accurate as possible but we can never be exact —
measurements will always have uncertainties. This could be due to the instrument or
the way we use it, or it might be that the quantity we are trying to measure is changing.

Making observations

Before we can try to understand the Universe, we have to observe it. Imagine you are

a cave person looking up into the sky at night. You would see lots of bright points
scattered about (assuming it is not cloudy). The points are not the same but how can
you describe the differences between them? One of the main differences is that you
have to move your head to see different examples. This might lead you to define their
position. Occasionally, you might notice a star flashing so would realize that there

are also differences not associated with position, leading to the concept of time. If you
shift your attention to the world around you, you will be able to make further close-
range observations. Picking up rocks, you notice some are easy to pick up while others
are more difficult, some are hot and some are cold, and different rocks are different

colors. These observations are just the start: to be able to understand how these AFigure‘i e
/ AL LSS Valil 15
quantities are related, you need to measure them, and before you do that, you need to carme before science

be able to count.

Standard notation

In this course, we will use some numbers that are very big and some that are

very small. 602 000 000000000000 000000 is a commonly used number, as is
0.000000 000000 000000 160. To make life easier, we write these in standard form.
This means that we write the number with only one digit to the left of the decimal
place and represent the number of zeros with powers of 10.
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It is also acceptable to
use a prefix to denote
powers of 10.

Prefix Value
T (tera) 10712
G (giga) 107
M (mega) | 108
k (kilo) 108
c (centi) 102
m (milli) 103
U (micro) 106
f (nano) 10°°
p (pico) 1012
f (femto) 115

Ifyou set up your
calculator properly, it
will always give your

answers in standard
form.

Realization that the
speed of light in a
vacuum is the same no
matter who measures it
led to the speed of light
being the basis of our
unit of length.

The meter was originally
defined in terms of
several pieces of metal
positioned around

Paris. This was not very
accurate so now one
meter is defined as the
distance traveled by
light in & vacuum in

ss57ares Of a second.

XVi

So:

602000000 000000000 000000 = 6.02 x 10} (decimal place must be shifted
right 23 places)

0.000000000000000000 160 = 1.60 x 107" (decimal place must be shifted left 19 places).

A number’s order of magnitude is the closest whole power of ten. 102, 10!, 10°, 10,
10? and so on are all orders of magnitude.

Q1. Write the following in standard form.
(a) 48000
(b) 0.000 036
(c) 14500
(d) 0.000000 48

Measuring variables

We have seen that there are certain fundamental quantities that define our Universe
from which all other quantities can be derived or explained. These include position,
time and mass.

Length and distance

Before we take any measurements, we need to define the quantity. The quantities that
we use to define the position of different objects are length and distance. To measure
distance, we need to make a scale and to do that we need two fixed points. We take our
fixed points to be two points that never change position, for example, the ends of a
stick. If everyone used the same stick, we will all end up with the same measurement.
However, we cannot all use the same stick so we make copies of the stick and assume
that they are all the same. The problem is that sticks are not all the same length, so

our unit of length is now based on one of the few things we know to be the same for
everyone: the speed of light in a vacuum. Once we have defined the unit, in this case,
the meter, it is important that we all use it (or at least make it very clear if we are using
a different one). There is more than one system of units but the one used in this course
is the Systéme International d”Unités (SI units). Here are some examples of distances
measured in meters:

distance from the Earth to the Sun = 1.5 x 10" m
diameter of a grain of sand =2 x 10*m
the distance to the nearest star = 4 x 10'6m
radius of the Earth = 6.378 x 10°m



Q2. Convert the following into meters (m) and write in standard form:
(@) Distance from London to New York = 5585km
(b) Height of Einstein = 175 cm
(c) Thickness of a human hair = 25.4pm

(d) Distance to furthest part of the observable Universe = 100000 million
million million km.

Time
When something happens, we call it an event. To distinguish between different events,

we use time. The time between two events is measured by comparing to some fixed
value, the second. Time is also a fundamental quantity.

Some examples of times:

time between beats of a human heart =1s
time for the Moon to go around the Earth = 1 month

time for the Earth to go around the Sun =1 year

Q3. Convert the following times into seconds (s) and write in standard form:
(a) 85 years, how long Newton lived
(b) 2.5ms, the time taken for a mosquito’s wing to go up and down
(c) 4 days, the time it took Apollo 11 to travel to the Moon
(d) 2 hours 52min 59s, the time it took for Concorde to fly from London to
New York.

Mass

If we pick up different objects, we find another difference. Some objects are easy to lift
up and others are difficult. This seems to be related to how much matter the objects
consist of. To quantify this, we define mass measured by comparing different objects
to the standard kilogram.

Some examples of mass:

approximate mass of a human = 75kg
mass of the Earth = 5.97 x 10>*kg
mass of the Sun = 1.98 x 10°°kg

Q4. Convert the following masses to kilograms (kg) and write in standard form:
(a) The mass of an apple =200g
(b) The mass of a grain of sand = 0.00001 g

(c) The mass of a family car = 2 tonnes.

The second was
originally defined as

a fraction of a day

but today's definition
is 'the duration of
9192631770 periods
of the radiation
corresponding to the
transition between the
two hyperfine levels of
the ground state of the
caesium-133 atom'.

If nothing ever
happened, would there
be time?

The kilogram was

the last fundamental
guantity to be based

on an object kept in
Paris. It is now defined
using Planck’s constant.
What are the benefits of
using physical constants
instead of physical
objects?
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Figure 2 Displacements on
a map.
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Skills in the study of physics

Area and volume

The two-dimensional space taken up by an object is defined by the area and the
three-dimensional space is volume. Area is measured in square meters (m?) and
volume is measured in cubic meters (m?). Area and volume are not fundamental units
since they can be split into smaller units (m x m or m * m x m). We call units like these
derived units.

Alist of useful area and volume equations is located in your data booklet.

Q5. Calculate the volume of a room of length 5m, width 10m and height 3m.

Q6. Using the information from pages xv—xvii, calculate:
(@) the volume of a human hair of length 20cm
(b) the volume of the Earth.

Density

By measuring the mass and volume of many different objects, we find that if the

- . . mass . f . P
objects are made of the same material, the ratio =T the same. This quantity is

called the density. The unit of density is kg m~3. This is another derived unit.

Examples include:
density of water = 1.0 x 10°kgm?
density of air = 1.2kgm~?
density of gold = 1.93 x 10*kgm™?

Q7. Calculate the mass of air in a room of length 5m, width 10m and height 3m.

Q8. Calculate the mass of a gold bar of length 30 cm, width 15 cm and height
10cm.

Q9. Calculate the average density of the Earth.

Displacement

So far, all that we have modeled is the position of objects and when events take place,
but what if something moves from one place to another? To describe the movement
of abody, we define the quantity displacement. This is the distance moved in a
particular direction.

The unit of displacement is the same as length: the meter.

Referring to the map in Figure 2:
If you move from B to C, your displacement will be 5 km north.
If you move from A to B, your displacement will be 4km west.



Angle

When two straight lines join, an angle is formed.
The size of the angle can be increased by rotating
one of the lines about the point where they join (the
vertex) as shown in Figure 3. To measure angles, we
often use degrees. Taking the full circle to be 360°

is very convenient because 360 has many whole
number factors it can be easily divided by, e.g. 4, 6
and 8. However, it is an arbitrary unit not related to
the circle itself.

If the angle is increased by rotating line A, the arc lengths will also increase. So for
this circle, we could use the arc length as a measure of angle. The problem is that if we
take a bigger circle, then the arc length for the same angle will be greater. We therefore
define the angle by using the ratio %, which will be the same for all circles. This unit is
the radian.

Summary - Tool 1: Experimental techniques

So far, you will have become familiar with a range of experimental techniques,
including measurements of:

* length

* time

* mass

* volume

* angle.

These tools are prescribed in your subject guide.

There are others still to come throughout the textbook. These include
measurements of:

« force (A.2)

* temperature (B.1)

* electric current (B.5)

* electric potential difference (B.5)

* sound intensity (C.2)

« and light intensity (C.2).

You should also be aware of how to recognize and address safety, ethical and
environmental issues. Try to spot these throughout the textbook, such as the risks of
high-temperature fluids (B.3) or ionizing radiation (E.3), or the environmental impact
of using electricity (B.5) or water (C.2) for experimentation.

<« Figure3 Theangle between
two lines.

For one complete
circle, the arc
length is the
circumference = 2xr
so the angle 360° in
radians = 2_:” =2r.

So 360° is equivalent
to 2x.

Since the radianis a
ratio of two lengths,
it has no units.

XiX



Skills in the study of physics

Tool 2: Technology

Technology and physics are closely linked. Technology enables the advancement

of physics, and the pursuit of scientific understanding stimulates improvements in
technology. The fields impacted are as wide-ranging as communication, medicine and
environmental sustainability.

Every measurement requires an instrument, which is itself inherently technological.
Technology facilitates collaboration, which is to the benefit of international teams
sanexample of a of scientists and IB physicists alike. Technology makes the processes carried out by

% physicists much faster, for example, when collecting data or performing calculations.
Humans can sense light intensity, temperature, sounds, smells, tastes and applied
pressure. How might technology replicate or improve upon these senses? What else
does technology enable us to measure?

A model is a representation of reality. It can be as concise as a single word (e.g. the
brain is like a ‘computer’) or an equation (e.g. speed is the ratio of distance traveled

to time taken). Technology supports physicists in forming new models during
exploratory experimental work (e.g. by making it easy to compare the ‘fit” of a range of
mathematical relationships) and in creating simulations that enable experimentation
without need for a lab.

that may or may not be

possble i the lab. Gravity Summary - Tool 2: Technology
can be altered {or removed
altogether) and materials of Technology can be used to good effect in physics. The Tool 3: Mathematics section of

any desired properties can this chapter will reveal that technology can be used to display graphs for representing

eeteged, data. In the remainder of the textbook, you can expect to learn about:
* using sensors (A.2,B.1,B.3,C.1,C.4)

iEtne system et numoets + models and simulations for generation of data (B.2, C.4)

had been totally . ;
ittt ol it » spreadsheets for manipulation of data (B.5)

models of the Universe * computer modeling for processing data (C.1)
be the same? « image analysis of motion (C.5, E.1)
» databases for data extraction (C.5, E.5)

: : * video analysis of motion (E.3)
In physics experiments,

we always quote

the uncertainties in
our measurements.
Shops also have to
work within given
uncertainties and
could be prosecuted if
they overestimate the
weight of something.
An approximation

is similar, but not
exactly equal, to
something else (for
example, a rounded
number). An estimate
is'a simplification of

a gquantity (such as
assuming that an apple
has a mass of 100 g).

Tool 3: Mathematics

When counting apples, we can say there are exactly six apples, but if we measure

the length of a piece of paper, we cannot say that it is exactly 21 cm wide. All
measurements have an associated uncertainty and it is important that this is also
quoted with the value. Uncertainties cannot be avoided, but by carefully using accurate
instruments, they can be minimized. Physics is all about relationships between
different quantities. If the uncertainties in measurement are too big, then relationships
are difficult to identify. Throughout the practical part of this course, you will be

trying to find out what causes the uncertainties in your measurements. Sometimes,
you will be able to reduce them and at other times not. It is quite alright to have big
uncertainties but completely unacceptable to manipulate data so that the numbers
appear to fit a predicted relationship.
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Summary of Sl units

The SI system of units is the set of units that are internationally agreed to be used in
science. It is still OK to use other systems in everyday life (miles, pounds, Fahrenheit),
but in science, we must always use SI. There are seven fundamental (or base) quantities.

Base quantity Quantity Unit Unit symbol
symbol
length xorl meter m
mass m kilogram kg
time t second s
electric current I ampere A
thermodynamic temperature i kelvin K
amount of substance n mole mol S
The candela will not be
luminous intensity 1 candela cd used in this course.

All other ST units are derived units. These are based on the fundamental units and will
be introduced and defined where relevant. So far we have come across just three.

Derived quantity Symbol Base units
area m? mx m
volume m?3 msxm xm
density kgm-3 kg
mxm xm

By breaking down the units of derived quantities into base quantity units, it is possible
to check whether an equation could be correct. This technique is an informal version
of dimensional analysis, in which the ‘powers of’ quantities are compared on either
side of an equation. Note, however, that dimensional analysis provides no insights into
the constant of proportionality.

Processing uncertainties

The SI system of units is defined so that we all use the
same sized units when building our models of the

physical world. However, before we can understand

the relationship between different quantities, we must
measure how big they are. To make measurements, we use
a variety of instruments. To measure length, we can use a
ruler and to measure time, a clock. If our findings are to be
trusted, then our measurements must be accurate, and the
accuracy of our measurement depends on the instrument
used and how we use it. Consider the following examples.

A coenihic sophisticated device at CERN has uncertainties.
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When using a scale
such as a ruler, the
uncertainty in the
reading is half of the
smallest divisian. In
this case, the smallest
division is 1 mm so
the uncertainty is

0.5 mm. When using

a digital device such
as a balance, we take
the uncertainty as the
smallest digit. So if the
measurement is 205g,
the uncertainty is +0.1 g.

In Examples 1and 2,
we are assuming that
there is no uncertainty
at the ‘zero' end of the
ruler because it might
be passible to line up
paper with the long
ruler marking.

In reality, the uncertainty
for Example 1 may be
+0.1 ¢m, which is the

combination of the 0.05

cm uncertainties at each

end of the length.

MNotice that
uncertainties are
generally guoted to
one significant figure,
The uncertainty then
dictates the number of
decimal places to which
the measurement is
written,

2 3 4 5 6 7

1

‘cm

A
Figure 7

Height=4.2 £ 0.2 cm.
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Measuring length using a ruler
Example 1

A good straight ruler marked in mm is
used to measure the length of a
rectangular piece of paper as in Figure 4.

The ruler measures to within 0.5 mm
(we call this the uncertainty in the
measurement) so the length in cm is
quoted to 2 d.p. This measurement is
precise and accurate. This can be written
as 6.40 + 0.05 cm, which tells us that the
actual value is somewhere between 6.35
and 6.45 cm.

Example 2

Figure 5 shows how a ruler with a broken
end is used to measure the length of the
same piece of paper. When using the ruler,
you might fail to notice the end is broken
and think that the 0.5 cm mark is the zero
mark.

This measurement is precise since the
uncertainty is small but is not accurate
since the value 6.90 cm is wrong.

Example 3

A ruler marked only in %cm is
used to measure the length of the paper as
in Figure 6.

These measurements are precise and

accurate, but the scale is not very sensitive.

Example 4

cm
0 1 2 3 4 5 6 7
|IIIIIIIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
Figure4 Length =640 = 0.05cm.
1 2 3 4 5 6 7
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
Figure 5 Length #6.50 + 0.05 cm.
cm
0 1 2 < 4 5 6 7

Figure 6 Length=65+03 cm.

In Figure 7, a ruler is used to measure the maximum height of a bouncing ball. The
ruler has more markings, but it is very difficult to measure the height of the bouncing
ball. Even though you can use the scale to within 0.5 mm, the results are not precise
(the base of the ball may be at about 4.2 ¢cm). However, if you do enough runs of the

same experiment, your final answer could be accurate.



Precision and accuracy

To help understand the difference between precision and accuracy, consider the four
attempts to hit the center of a target with three arrows shown in Figure 8.

Precise and Precise but Not precise Not precise and
accurate not accurate but accurate not accurate

A The arrows were fired accurately at the center with great precision.

B The arrows were fired with great precision as they all landed near one another, but
not very accurately since they are not near the center.

C The arrows were not fired very precisely since they were not close to each other.
However, they were accurate since they are evenly spread around the center. The
average of these would be quite good.

D The arrows were not fired accurately and the aim was not precise since they are far
from the center and not evenly spread.

So precision is how close to each other a set of measurements are (related to the
resolution of the measuring instrument) and the accuracy is how close they are to the
actual value (often based on an average).

Errors in measurement

There are two types of measurement error — random and systematic.

Random error
If you measure a quantity many times and get lots of slightly different readings, then

this called a random error. For example, when measuring the bounce of a ball, it is very
difficult to get the same value every time even if the ball is doing the same thing.

Systematic error

A systematic error is when there is something wrong with the measuring device or
method. Using a ruler with a broken end can lead to a ‘zero error” as in Example 2 on
page xxiv. Even with no random error in the results, you would still get the wrong
answer.

<« Figure8 Precision and
accuracy.

If you measure the
same thing many
times and get the
same value, then

the measurement is
precise.

If the measured
value is close to the
expected value, then
the measurement is
accurate. If a football
player hits the post
ten times in a row
when trying to score
a goal, you could say
the shots are precise
but not accurate.

Itis not possible to
measure anything
exactly. This is

not because our
instruments are not
exact enough but
because the quantities
themselves do not exist
as exact quantities.
What measurements
could you make in the
space around you?
What might makes
these quantities inexact?
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Ball of modeling clay
measured with a ruler.

XXV

Reducing errors

To reduce random errors, you can repeat your measurements. If the uncertainty is
truly random, your measurements will lie either side of the true reading and the mean
of these values will be close to the actual value. To reduce a systematic error, you need
to find out what is causing it and correct your measurements accordingly. A systematic
error is not easy to spot by looking at the measurements, but is sometimes apparent
when you look at the graph of your results or the final calculated value.

Adding uncertainties

If two values are added together, then the uncertainties also add. For example, if we
measure two lengths, L, = 5.0 + 0.1cmand L, = 6.5 + 0.1 cm, then the maximum
value of L, is 5.1 cm and the maximum value of L, is 6.6 cm, so the maximum value of
L, +L,=11.7 cm. Similarly, the minimum value is 11.3 cm. We can therefore say that
L, +L,=11.5+02cm.

If y=azth then Ay=Aa+Ab

If you multiply a value by a constant, then the uncertainty is also multiplied by the
same number.

So 2L,=10.0+02cm and %Ll =250+ 0.05cm.

Example of measurement and uncertainties

Let us consider an experiment to measure the mass and volume of a piece of modeling
clay. To measure mass, we can use a top pan balance so we take a lump of clay and
weigh it. The result is 24.8 g. We can repeat this measurement many times and get the
same answer. There is no variation in the mass so the uncertainty in this measurement
is the same as the uncertainty in the scale. The smallest division on the balance used is
0.1 g so the uncertainty is + 0.1 g.

So: mass=24.8+0.1g

To measure the volume of the modeling clay, we first need to mold it into a uniform

shape: let us roll it into a sphere. To measure the volume of the sphere, we measure its

dar?
)

diameter from which we can calculate its radius (V = 3 ¥

Making an exact sphere out of the modeling clay is not easy. If we do it many times, we
will get different-shaped balls with different diameters so let us try rolling the ball five
times and measuring the diameter each time with a ruler.

Using the ruler, we can only judge the diameter to the nearest mm so we can say that
the diameter is 3.5 + 0.1 cm. It is actually even worse than this since we also have to line
up the zero at the other end, so 3.5 + 0.2 cm might be a more reasonable estimate. If we
turn the ball round, we get the same value for d. If we squash the ball and make a new
one, we might still get a value of 3.5 + 0.2 cm. This is not because the ball is a perfect
sphere every time but because our method of measurement is not sensitive enough to
measure the difference.



Let us now try measuring the ball with a vernier caliper.

The vernier caliper can measure to the nearest 0.002 cm. Repeating measurements of

the diameter of the same lump of modeling clay might give the results in Table 1.

3.640

3.450

3.472

3.500

3.520

3.520

3.530

3.530

3432

3.540

3.550

3.550

3.560

3.560

3.570

3.572

3.582

3.582

The reason these measurements are not all the same is because the ball is not perfectly
uniform and, if made several times, will not be exactly the same. We can see that there
is a spread of data from 3.400 cm to 3.570 cm, with most lying around the middle. This

can be shown on a graph but first we need to group the values as in Table 2.

Distribution of measurements

Even with this small sample of measurements, you can see in Figure 9 that there is
a spread of data: some measurements are too big and some too small but most are
in the middle. With a much larger sample, the shape would be closer to a ‘normal

distribution’ as in Figure 10.

number of measurements

T
3.60

diameter/cm

< Avernier caliper has sliding
jaws, which are moved so
they touch both sides of
the ball.

< Table1

Range/cm

3.400-3.449 1

3.450-3.499 2

3.500-3.549 6

3.550-3.599 8

3.600-3.649 1

A

Table 2

<« Figure9 Disuibution of
measurements of diameter.
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Figure 10 Normal
distribution curve.

If the data follows a
normal distribution,
68% of the values

should be within one
standard deviation of

the mean.

XXVi

: 5 3

number of measurements
1

T
3.65
diameter/cm

The mean

At this stage, you may be wondering what the point is of trying to measure something
that does not have a definite value. Well, we are trying to find the volume of the
modeling clay using the formula V = %ﬂs. This is the formula for the volume of a
perfect sphere. The problem is we cannot make a perfect sphere. It is probably more
like the shape of an egg, so depending on which way we measure it, sometimes the
diameter will be too big and sometimes too small. It is, however, just as likely to be too
big as too small, so if we take the mean of all our measurements, we should be close to
the ‘perfect sphere’ value which will give us the correct volume of the modeling clay.

The mean or average is found by adding all the values and dividing by the number

of values. In this case, the mean = 3.537 cm. This is the same as the peak in the
distribution. We can check this by measuring the volume in another way, for example,
sinking it in water and measuring the volume displaced. Using this method gives a
volume = 23 cm’. Rearranging the formula gives: r = 3w

Substituting for V gives d = 3.53 cm, which is fairly close to the mean. Calculating the
mean reduces the random error in our measurement.

There is a very nice example of this that you might like to try. Fill a jar with jelly beans
and get your classmates to guess how many there are. Assuming that they really try to
make an estimate rather than randomly saying a number, the guesses are just as likely
to be too high as too low. So, if after you collect all the data you find the average value,
it should be quite close to the actual number of beans.

Knowing the mean of data enables a calculation of the standard deviation to be
performed. Standard deviation gives an idea of the spread of the data.

Smaller samples

You will be collecting a lot of different types of data throughout the course but you will
not often have time to repeat your measurements enough to get a normal distribution.
With only four values, the uncertainty is not reduced significantly by taking the mean



so half the range of values is used instead. This often gives a slightly exaggerated value
for the uncertainty — for the example above, it would be + 0.1 cm —but it is an approach
accepted by the IB.

RelationShipS Number Mass

(N) (m)/g

In physics, we are very interested in the relationships between two quantities, for . 10
example, the distance traveled by a ball and the time taken. To understand how we
represent relationships by equations and graphs, let us consider a simple relationship 2 200
regarding fruit. 3 300
Linear relationships 4 400
Let us imagine that all apples have the same mass, 100 g. To find the relationship 5 500
between number of apples and their mass, we would need to measure the mass of " P
different numbers of apples. These results could be put into a table as in Table 3.
In this example, we can clearly see that the mass of the apples increases by the same ﬁble 3
amount every time we add an apple. We say that the mass of apples is proportional
to the number. If we draw a graph of mass vs number, we get a straight line passing
through the origin as in Figure 11.
= 600 4 Figure 11 Graph of mass vs
§ number of apples.
500
400
300
200
100 -
0 T T T T T T
[t} 1 2 3 4 5 6
number of apples
The gradient of this line is given by % =100g/apple. The fact that the line is straight
and passing through the origin can be used to test if two quantities are proportional to Nu{n!;I):er (T"E)l;;
each other.
1 600
The equation of the line is y = mx, where m is the gradient, so in this case y = 100x and
m=100g apple™!. : il
. , 3 800
This equation can be used to calculate the mass of any given number of apples. This is
a simple example of what we will spend a lot of time doing in this course. 4 900
To make things a little more complicated, let us consider apples in a basket with mass 3 199
500g. The table of masses is shown in Table 4. 6 1100
The slope in Figure 12 is still 100 g/apple, indicating that each apple still has a mass of A
' Table 4

100 g, but the intercept is no longer (0, 0). We say that the mass is linearly related to the
number of apples, but they are not directly proportional.
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Figure 12 Graph of mass vs B
number of apples in a basket.

[tis much easier to

plot data from an
experiment without
processing it but this
will often lead to curves
that are very difficult to
draw conclusions from,
Linear relationships are
much easier o interpret
so are worth the time
spent processing the
data.
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s/g

1200 -

mas.

1100 |—

1000

900

800 4

700 —

600 —

400 -

300 —

200

100 —

s —
B

T
L

T
6

number of apples

The equation of this line is y = mx + ¢, where m is the gradient and ¢ the intercept on the
y-axis. The equation in this case is therefore y = 100x + 500.

Finding the equation that relates two quantities can be useful for interpolation and
extrapolation. Both techniques involve inserting a value for one of the quantities into the
equation to find the corresponding value of the other. Interpolation can be performed with
good confidence as it is done within the range of collected data. Extrapolation is more risky
as the values are beyond the range of collected data; you are making a prediction.

Q10. The data displayed in the graphs below all show examples of correlation.
What other conclusions can you make?

501000 2610004 :
X
E 800 £ 800 f
6004 6004
400 400 L x
2004 2004
U T T T T T T 0 T T T T T T
01 2 3 4.5 6 0 1 2.3 4.5 6
number of apples number of apples

Non-linear relationships

1 23 & %6
number of apples

Let us now consider the relationship between radius and the area of circles of paper as
shown in Figure 13 on the following page.



lcm 2cm

The results are recorded in Table 5.

4cm

5cm

If we now graph the area vs the radius, we get the graph shown in Figure 14.

:

1 0 I

Tyl AL

radius/m

This is not a straight line so we cannot deduce that area is linearly related to radius.
However, you may know that the area of a circle is given by A = 712, which would mean

that A is proportional to 1%, To test this, we can calculate 1> and plot a graph of area vs 2.

The calculations are shown in Table 6.

5
5

L S

50

() FE A

i R I

40

30 !

20

25
radius?{m?

4 Figure 13 Five circles

of green paper.

Radius/m Area/m?

1 3.14
2 12.57
3 28.27
4 50.27
5 78.54
A
Table 5

4 Figure 14 Graph of area of

green circles vs radius.

Radius/m r’/m? Area/m?

1 1 3.14
2 4 12.57
3 B 28.27
4 16 50.27
5 25 78.54
A
Table 6

<« Figure 15 Graph of area of

green circles vs radius?.
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Figure 16 log A vs log r for

Table7 P

the green paper disks.

1.1 0.524
3.6 0.949
4.2 1.025
5.6 1.183
78 1.396
8.6 1.466
9.2 1.517
10.7 1.636
A
Table 8

XXX
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This time, the graph is linear, confirming that the area is indeed proportional to the
radius?. The gradient of the line is 3.1, which is x to two significant figures. So the
equation of the line is A = m? as expected.

Using logs

Logs can be useful in your practical work. In the previous exercise, we knew that

A = 2, but if we had not known this, we could have found the relationship by plotting
alog graph. Let us pretend that we did not know the relationship between A and r, only
that they were related. So it could be A = kr? or A = kr* or even A =k.[r.

We can write all of these in the form: A = k"
Now if we take logs of both sides of this equation, we get: log A = log kr* =log k + nlog r
This is of the form y = mx + ¢, where log A is y and log ris x.

So if we plot log A vs log r, we should get a straight line with gradient n and intercept log k.
This is all quite easy to do using a spreadsheet, resulting in Table 7 and the graph in Figure 16.

Radius/m Area/m? log (A/m?) log (r/m)
1 3.14 0.4969 0.0000
2 12.57 1.0993 0.3010
3 28.27 1.4513 04771
4 50.27 1.7013 0.6021
5 78.54 1.8951 0.6990
K

T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
logr

This has gradient = 2 and intercept = 0.5, so if we compare it to the equation of the line:
log A=logk +nlogr

we can deduce that: n=2andlogk=0.5

The inverse of log kis 10fso k = 10°° = 3.16, which is quite close to .

Substituting into our original equation A = kr", we get A = mrl.

Q11. Use alog—log graph to find the relationship between A and B in Table 8.



Relationship between the diameter of a modeling clay ball and
its mass

So far, we have only measured the diameter and mass of one ball of modeling clay. If
we want to know the relationship between the diameter and mass, we should measure
many balls of different sizes. This is limited by the amount of modeling clay we have,
but should be from the smallest ball we can reasonably measure up to the biggest ball
we can make.

Diameter/cm * 0.002 cm <« Table9
2 3
1.4 1.296 1430 1.370 1.280
2.0 1.570 1.590 1.480 1.550
56 2.100 2130 2.168 2.148
9.4 2.560 2572 2.520 2610
12.5 2.690 2.840 2.824 2.720
157 3.030 2.980 3.080 2.890
19.1 3.250 3.230 3.190 3.204
215 3.490 3432 3.372 3.360
248 3.550 3.560 3.540 3.520

In Table 9, the uncertainty in diameter d is given as 0.002 ¢m. This is the uncertainty in
the vernier caliper: the actual uncertainty in diameter is more than this as is revealed by
the spread of data which you can see in the first row, which ranges from 1.280 to 1.430,
a difference of 0.150 cm. Because there are only four different measurements, we can
use the approximate method using Ad = w This gives an uncertainty in the first
measurement of +0.08 cm. Table 10 includes the uncertainties and the mean.

Diameter/cm £ 0.002cm 4 Table 10
3 4 dean/€m  Uncertainty
Adfcm
1.4 1.296 1.430 1370 1.280 1.34 0.08
2.0 1.570 1.590 1.480 1.550 1.55 0.06
5.6 2.100 2130 2.168 2.148 2.14 0.03
9.4 2.560 2.572 2.520 2610 2.57 0.04
1255 2.690 2.840 2.824 2720 277 0.08
15.7 3.030 2.980 3.080 2.890 3.00 0.10
19.1 3.250 3.230 3.190 3.204 3.22 0.03
21.5 3.490 3432 3372 3.360 341 0.07
24.8 3.550 3.560 3.540 3.520 3.54 0.02

Now, to reveal the relationship between the mass m and diameter d, we can draw
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Figure 17 Grap
of modeling

h of mass ’

A worksheet with full
details of how to carry
out this experiment is
available in the eBook.

This curve is the best fit
for the data collected.

O 00

Table 11 P>
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a graph of m vs d as shown in Figure 17. However, since the values of m and d have
uncertainties, we do not plot them as points but as lines. The length of the lines equals
the uncertainty in the measurement. These are called uncertainty bars.

mass/g

T T T
i 5
diameter/cm

The curve is quite a nice fit but very difficult to analyze. It would be more convenient
if we could manipulate the data to get a straight line. This is called linearizing. To do
this, we must try to deduce the relationship using physical theory and then test the

relationship by drawing a grap};]ln this case, we know that density, p= ﬁ
and the volume of a sphere = ——, where r = radius.
3m
So: P=7
Rearranging thi tion gives: i
ging this equation gives: r Tap
d 4 3m
But: r=-sowg =%
5 bm
P
Since - isa constant, this means that d is proportional to m. So, a graph of d* vs m should

op
ST . 6 , , ,
be a straight line with gradient =—. To plot this graph, we need to find d*and its uncertainty.

The uncertainty can be found by calculating the difference between the maximum and
3o o3 : .
minimum values of 4*> and dividing by 2: M. This has been done in Table 11.

Diameter/cm % 0.002cm

3 4 Ainean/
cm

1.4 1.296 1.430 1.370 1.280 1.34 2.4 0.4

20 1.570 1.590 1.480 1.550 1.55 37 0.4

56 2.100 2130 2.168 2148 214 9.8 0.5

9.4 2.560 2572 2.520 2610 2.57 17 1
125 2.690 2.840 2.824 2720 277 21 2
15.7 3.030 2.980 3.080 2.890 3.00 27 3
19.1 3.250 3.230 3.190 3.204 322 33 1
21.5 3.490 3.432 3372 3.360 3.41 40 2
24.8 3.550 3.560 3.540 3.520 3.54 44 1




Looking at the line in Figure 18, we can see that due to random errors in the data, the
points are not exactly on the line but close enough. What we expect to see is the line
touching all of the error bars, which is the case here. The error bars should reflect the

;E- < Figure 18 Graph of
o diameter® of a modeling clay
g ball vs mass.
The best fit of these
points is now a straight

line. Over time, you
‘will learn how to
Judge whether data is
best represented by
a linear or non-linear
fit, perhaps based on

random scatter of data. In this case, they are slightly bigger, which is probably due to ;T;:;:r:fn:i?g? o
the approximate way that they have been calculated. Notice how the points furthest positions of the points.

from the line have the biggest error bars.

According to the formula, 4° should be directly proportional to m; the line should
therefore pass through the origin. Here we can see that the y-intercept is 0.3 cm’,
which is quite close to the origin and is probably just due to the random errors in d. If
the intercept had been more significant, then it might have been due to a systematic
error in mass. For example, if the balance had not been zeroed properly and instead
of displaying zero with no mass on the pan, it read 0.5 g, then each mass measurement
would be 0.5 g too big. The resulting graph would be as in Figure 19.

diameter*/cm?

< Figure 19 Graph of
diameter® of a modeling clay
ball vs mass with a systematic
errar.

A systematic error in the diameter would not be so easy to see. Since diameter is cubed,
adding a constant value to each diameter would cause the line to become curved.

Qutliers

Sometimes a mistake is made in one of the measurements. This is quite difficult to

spot in a table but will often lead to an outlier on a graph. For example, one of the
measurements in Table 12 is incorrect.
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Table12 P>

Figure 20 Graph of

diameter® of a modeling clay

ball vs mass with outlier,

If asked for a sketch
graph, you should
consider what shape

it will have and where
it will cross the axes.
Scales are not required.

XXXiV

>

Skills in the study of physics

Diameter/cm % 0.002cm

2 3
1.4 1.296 1.430 1.370 1.280
20 1.570 1.590 1.480 1.550
5.6 2.100 2130 2.148 3.148
9.4 2.560 2572 2.520 2610
12.5 2.690 2.840 2.824 2720
15.7 3.030 2.980 3.080 2.890
19.1 3.250 3.230 3.190 3.204
21.5 3.490 3.432 3.372 3.360
24.8 3.550 3.560 3.540 3.520

This is revealed in the graph in Figure 20.

diameter?{cm?
=

T T T T T T T T T T T T
mass(g

When you find an outlier, you need to do some detective work to try to find out why the
point is not closer to the line. Taking a close look at the raw data sometimes reveals that
one of the measurements was incorrect. This can then be removed and the line plotted
again. However, you cannot simply leave out the point because it does not fit. A sudden
decrease in the level of ozone over the Antarctic was originally left out of the data since
it was an outlier. Later investigation of this ‘outlier’ led to a significant discovery.

Uncertainty in the gradient

The general equation for a straight-line graph passing through the origin is y = mx.
. . — 6m " 4 .
In this case, the equation of the line is d°* = = where d*is y and m is x and the gradient
is %. You can see that the unit of the gradient is cm?|g. This is consistent with it
.6
representing .

6

From the graph, we see that gradient = 1.797 cm®g™! = Eip S0P = {7052

6
1.797x

=1.063 gcm~® but what is the uncertainty in this value?

There are several ways to estimate the uncertainty in a gradient. One of them is to draw
the steepest and least steep lines through the error bars as shown in Figure 21.



:\8..40___ | slope = 1.856 + 0.03cm’g™ _ - T
g y-intercept =—0.825cm’?
) T .
i slope = 1.797 £ 0.03cm’g™
i | y-intercept =—0.313cm’
e e B B RSB A I i
' slope = 1.746 + 0.003cm’g™
e t # T | y-intercept =—0.456cm* .
s s e SR mE SR S _ -t = = i
0 T e T
0 10 20

mass/g

This gives a maximum gradient = 1.856 cm’g~' and minimum gradient = 1.746cm?® g™\,

(1.856 — 1.746)

So: uncertainty in the gradient = 5

=0.06 cm?g™!

Note that the program used to draw the graph (LoggerPro®) gives an uncertainty in
the gradient of £0.03 cm®g™". This is a more correct value but the steepest and least
steep lines method is accepted in IB assessments.

The steepest and least steep gradients give maximum and minimum values for the
density of:

6
Biisn = T = LM gem™
Prin = Toee = 1029g cm™
So the uncertainty is: w =0.03gecm™

The density can now be written as: 1.06 + 0.03gcm™

Fractional uncertainties

So far, we have dealt with uncertainty as +Ax. This is called the absolute uncertainty
in the value. Uncertainties can also be expressed as fractions. This has some
advantages when processing data.

In the previous example, we measured the diameter of modeling clay balls then cubed
this value in order to linearize the data. To make the sums simpler, let us consider a
slightly bigger ball with a diameter of 10 + 1 cm.

So the measured value d = 10 cm and the absolute uncertainty Ad = 1 cm.
The fractional uncertainty = %I = % =0.1 (or, expressed as a percentage, 10%).
During the processing of the data, we found d* = 1000 cm”®.

The uncertainty in this value is not the same as in d. To find the uncertainty in d3, we
need to know the biggest and smallest possible values of d°. These we can calculate by
adding and subtracting the absolute uncertainty:

maximum d? = (10 +1)>=1331 cm?

minimum d* = (10 - 1)* = 729 cm’®

<« Figure21 Graph of
diameter® of a modeling clay
ball vs mass showing steepest
and least steep lines.

If the y-intercept was
of more impartance,
then constructing
steepest and least
steep lines would also
allow maximum and
minimum intercept
values to be read off.

A value obtained from
an experiment can

be compared with a
known' value by seeing
if the known value lies
within the uncertainty
range.

Additionally, you

could use percentage
difference. Find the
difference between

the experimental and
known values and then
divide this difference by
the known value.
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So the range of values is: (1331 - 729) = 602cm’

The uncertainty is therefore +301 ¢cm?, which rounded down to one significant figure
gives £300cm>.

This is not the same as (Ad)?, which would be 1 ¢cm?®.

The fractional uncertainty in d° = ﬁ =0.3. This is the same as 3 x the fractional
uncertainty in d. This leads to an alternative way of finding uncertainties when raising

data to the power 3.

Ax . H ; . 3 5 g 3Ax
If — is the fractional uncertainty in x, then the fractional uncertainty in x* = E

More generally, 1f is the fractional uncertainty in x, then the fractional uncertainty in

o= 18

Soify you square a value, the fractional uncertainty is 2 x bigger.

Another way of writing this would be that 1f = 1is the fractional uncertainty in x, then
the fractional uncertainty in x2 = A, A Thls can be extended to any multiplication.

Soif % is the fractional uncertainty in x and 2 is the fractional uncertainty iny, then
Ax Ay
b4
It seems strange but, when d1v1d1ng the fractional uncertainties also add. So if = — isthe
fractional uncertamty in x and —yl is the fractional uncertainty in y, then the fractional
AX | A
uncertainty in > ==+
yox oy
If you divide a quantity by a constant with no uncertainty, then the fractional
uncertainty remains the same.

the fractional uncertainty in xy =

This is all summarized in the data booklet as:

¢ y b

And if y*—“.a"thenﬁ“—*nE
y a

Challenge yourself

1. When a solid ball rolls down a slope of height h, its speed at bottom v is given by
the equation:

um

where g is the acceleration due to gravity.
In an experiment to determine g, the following results were achieved:

Distance between two markers at the bottom of the slope d = 5.0 + 0.2cm
Time taken to travel between markers t = 0.06 + 0.01s
Height of slope h = 6.0 £ 0.2cm.

Given that the speed v = ‘—:, find a value for g and its uncertainty. How might you
reduce this uncertainty?




Example
If the length of the side of a cube is quoted as 5.00 + 0.01 m, what are its volume and

the uncertainty in the volume?

fractional uncertainty in length = % =0.002

volume =5.00° =125 m’

When a quantity is cubed, its fractional uncertainty is 3 x bigger so the fractional
uncertainty in volume = 0.002 x 3 = 0.006.

The absolute uncertainty is therefore 0.006 x 125 = 0.75 (approximately 1) so the
volumeis 125 +1m°.

Q12. The length of the sides of a cube and its mass are quoted as:
length = 0.050 + 0.001 m
mass = 1.132 + 0.002kg

Calculate the density of the material and its uncertainty.

Q13. The distance around a running track is 400 + 1 m. If a person runs around the
track four times, calculate the distance traveled and its uncertainty.

Q14. The time for 10 swings of a pendulum is 11.2 + 0.1s. Calculate the time for
one swing of the pendulum and its uncertainty.

Nature of Science

We have seen how we can use numbers to represent physical quantities. By
representing those quantities by letters, we can derive mathematical equations
to define relationships between them, then use graphs to verify those
relationships. Some quantities cannot be represented by a number alone so a
whole new area of mathematics needs to be developed to enable us to derive

mathematical models relating them. scalar
= A quantity with
. magnitude only.
Vector and scalar quantities Vector
A quantity with
So far we have dealt with six different quantities: length, time, mass, volume, density magnitude and
and displacement. _ direction.
All of these quantities have a size, but displacement also has a direction. Quantities N
that have size and direction are vectors and those with only size are scalars. All T
quantities are either vectors or scalars. It will be apparent why it is important to make
this distinction when we add displacements together.
Example
Consider two displacements one after another as shown in Figure 22. Sk
Starting from A, walk 4km west to B, then 5km north to C. A

Figure 22 Displacements
shown on a map.
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The total displacement from the start is not 5 + 4 but can be found by drawing a
line from A to C on a scale diagram.

We will find that there are many other vector quantities that can be added in the
same way.

Addition of vectors

Vectors can be represented by drawing arrows. The length of the arrow is proportional
to the magnitude of the quantity and the direction of the arrow is the direction of the
quantity. The arrow commences at the point of application, the significance of which
will become clearer in A.2.

1 To add vectors, the arrows are simply arranged so that the point of one touches the tail
of the other. The resultant vector is found by drawing a line joining the free tail to the
free point.

resultant
5km

Example

Figure 22 is a map illustrating the different displacements. We can represent the
displacements by the vectors in Figure 23.

4km
A Calculating the resultant:

Figure 23 Vector addition.
If the two vectors are at right angles to each other, then the resultant will be the

hypotenuse of a right-angled triangle. This means that we can use simple trigonometry
to relate the different sides.

Some simple trigonometry
- You will find cos, sin and tan buttons on your calculator. These are used

to calculate unknown sides of right-angled triangles.

) opposite . .
sinfl = hvsanuse. SPposite= hypotenuse x sin 6
ypotenuse
_ adjacent )
scjaceas cos = m = adjacent = hypotenuse x cos
4 ) opposite
Figure 24 Triangle key terms. tan = M

To show that a
quantity is a vector,
we can write it in

a special way. In
textbooks, this is
often in bold (A) but
when you write, you
can put an arrow on
the top. In physics
texts, the vector
notation is often left
out. This is because
if we know that the
symbol represents a
displacement, then
we know it is a vector
and do not need the
vector notation to
remind us.

Worked example

Find the side X of the triangle.

5m

mo

Solution
Side X is the opposite so: X =5 xsin40°

sin40°=0.6428 s0 X=3.2m
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Q15. Use your calculator to find x in each triangle.

(@) (b)
50¢
4em
3 c
X
20°

6cm

30°

Pythagoras
The most useful mathematical relationship for finding the resultant of two
perpendicular vectors is Pythagoras’ theorem:

hypotenuse? = adjacent? + opposite?

Worked example

Find the side X on the triangle.

Solution
Applying Pythagoras:
Xi=22+ 42

So:  X=J22+4=[20=45m

XXXiX



You can decide for
yourself which you
want to be positive but
generally we follow the
convention below.

+
g
B

LeftWest Right/East
+

DowVSouth

Xl
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Q16. Use Pythagoras’ theorem to find the hypotenuse in each triangle.

(@) (b)

3cm
4cm

4cm

4em

(c) (d)
2cm
3cm

6em

2cm

Using trigonometry to solve vector problems

Once the vectors have been arranged point to tail, it is a simple matter of applying the
trigonometrical relationships to the triangles that you get.

Draw the vectors and solve the following problems using Pythagoras’ theorem.

Q17. A boat travels 4km west followed by 8 km north. What is the resultant
displacement?

Q18. A plane flies 100km north then changes course to fly 50 km east. What is the
resultant displacement?

Vectors in one dimension

In this course, we will often consider the simplest examples where the motion is
restricted to one dimension, for example, a train traveling along a straight track. In
examples like this, there are only two possible directions — forward and backward. To
distinguish between the two directions, we give them different signs (forward + and
backward —). Adding vectors is now simply a matter of adding the magnitudes, with no
need for complicated triangles.

+ve

A

Figure 25 The train can only move forward or backward.



Worked example

If a train moves 100m forward along a straight track then 50 m back, what is its
final displacement?

Solution

The vector diagram is as follows.

100m -
% 50m
The resultant is 50 m forward.
Subtracting vectors
A
F
A > B

Now we know that a negative vector is simply the opposite direction to a positive
vector, we can subtract vector B from vector A by changing the direction of vector B
and adding it to A.

A-B=A+(-B)

Taking components of a vector

Consider someone walking up the hill in Figure 27. They walk 5km up the slope but
want to know how high they have climbed rather than how far they have walked. To
calculate this, they can use trigonometry.

height = 5 x sin 30°

The height is called the vertical component of the displacement.
The horizontal displacement can also be calculated.
horizontal displacement = 5 x cos 30°

This process is called taking components of a vector and is often used in solving
physics problems.

‘ Figure 26 Subtracting
vectors.

When a vector is
multiplied by a scale
factor, its alignment
is unchanged. If

the scale factor

is negative, the
vector is in the
opposite direction.
The magnitude is
increased by the
magnitude of the
scale factor.

ﬁ Figure 27 5km up the hill
but how high?

h

not next
the angle
Asing 4
next to the
angle
AT
A cosd -

Figure 28 An easy way 10

remember which is cos is to
say that it is becos it is next
to the angle’
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Q19. If a boat travels 10km in a direction 30° to the east of north, how far north
has it traveled?

Q20. On his way to the South Pole, Amundsen traveled 8km in a direction that
was 20° west of south. What was his displacement south?

Q21. A mountaineer climbs 500 m up a slope that is inclined at an angle of 60° to
the horizontal. How high has he climbed?

Summary - Tool 3: Mathematics

You will find practice _ In terms of mathematics, you should now be aware of:
questions and solutions * scientific notation
inthe eBook. |8 * Sl prefixes and units
s orders of magnitude
' » area and volume
' * fundamental units
* derived units in terms of SI units
* approximation and estimation
+ dimensional analysis of units for checking expressions
» the significance of uncertainties in raw and processed data
* recording uncertainties in measurements as a range to appropriate precision
* expressing measurement and processed uncertainties to appropriate significant
figures or precision
* expressing values to appropriate significant figures or decimal places
* mean and range
* extrapolate and interpolate graphs
* linear and non-linear graphs with appropriate scales and axes
* linearizing graphs
* drawing and interpreting uncertainty bars
» drawing lines or curves of best fit
* constructing maximum and minimum gradient lines by considering all
uncertainty bars
* determining uncertainty in gradients and intercepts
» percentage change and percentage difference
* percentage error and percentage uncertainty
* propagation of uncertainties
* scalars and vectors
* scale diagrams
¢ drawing and labeling vectors
« vector addition and subtraction
» decimals, fractions, percentages, ratios, reciprocals, exponents and
trigonometric ratios
« multiplication of vectors by a scalar
* resolving vectors.
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There are some mathematical tools that have been introduced here and will be
continued, including:
» arithmetic and algebra (see worked example calculations throughout)
» tables and graphs for raw and processed data (see also Sankey diagrams (A.3)
and greenhouse gas spectra (B.2)
* direct and inverse proportionality, and positive and negative relationships or
correlations (A.1,A.2,B.1,B.2,C.1,D.1,D.2,D.3)
* interpreting graph features (A.1)

* sketch graphs (labeled but unscaled axes) to qualitatively describe trends (A.1).

The mathematical skills listed in the guide that will be addressed in the textbook
content more generally are:

+ symbols from the guide and data booklet (throughout)

* selection and manipulation of equations (throughout)

+ effect of changes to variables on other variables (throughout)

« use of units (throughout)

» rates of change (A.1, A.3)

* neglecting effects and explaining why (A.1)

* free-body diagrams (A.2)

* derivations of equations (B.3, C.5,D.1)

* continuous and discrete variables (E.1)

* logarithmic and exponential functions (E.3).
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Video resources

Video resources

This table lists recommended videos that have been selected to help enhance your learning. The links to the videos can
be found in the ‘Resources’ section of your eBook.

Chapter Video Description

Skills Snooker A vector quantity, like momentum, has both magnitude and direction.

in the

study of

physics

Al Parachute Parachutes are used to reduce the downward acceleration experienced and to enable

descent steering. The parachute used at the end of this video has a larger surface area so that the
spacecraft is decelerated.

A.2 Racing car start The ground exerts a forward force on the tyres and the tyres exert an equal and opposite
force on the ground. We can see evidence for this in the movement of the stones.

A.2 Bike riding The banked wall exerts a force perpendicular to the velocity of the cyclists. They move
(temporarily) along the arc of a circle.

A.3 Climbing This climber, at some point, consumed an energy source and is seeking to convert this into
gravitational potential energy. There is also a metaphorical lesson to be learned here about
not giving up as you tackle your physics revision!

A.5 Hyperspace Science fiction writers have long imagined what might happen if travelling at or beyond
the speed of light. Physicist Michio Kaku uses the term to refer to higher dimensions in his
discussions on the unification of fundamental forces and the fate of the universe.

B.1 Brownian The apparently erratic movement of visible pollen grains can be explained by the presence

motion of many invisible colliding particles in the surrounding fluid.

B.1 Heat conduction | In high temperature regions, particles vibrate quickly. They transfer energy to neighbouring

in a solid particles. Eventually, the body as a whole might reach a constant temperature throughout.

B.1 Hot air balloons | These balloons use convection to rise because high temperature gases have a lower density
than the surrounding fluid.

B.1 Evaporation Evaporation of water results in the temperature of the remaining water falling. This is
because the particles of highest kinetic energy are more likely to be removed from the
surface, meaning that the average kinetic energy of the remaining particles decreases.

B.2 Greenhouse gas Carbon dioxide release during 2011 and 2012 is represented on this world map. Fossil fuel

emissions combustion is not uniformly distributed.

B.2 Albedo Albedo is the ratio of reflected to incident light. Ice contributes to a higher albedo on Earth.

B.3 Boyle-Mariotte As the volume of a constant number of moles of gas decreases at constant temperature,

gas law pressure increases.

B.3 Gay-Lussac gas As the temperature of a constant number of moles of gas increases at constant volume,

law pressure increases.

B.5 Wall switch Although the drift speed of electrons in a conductor is roughly 1 mm per second, there is
no perceptible delay between pressing a switch and the bulb lighting. This is because the
electric force is transmitted at close to the speed of light.
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C.1 Seismograph The recording tip on this seismograph vibrates about a fixed point. The paper moving
beneath it shows a wave form.
C.2 Compression Longitudinal waves are made up of compressions and rarefactions.
wave in a gas
c3 Dispersion Different wavelengths of light travel at different speeds in a prism and therefore refract by
different amounts. White light can be split into its constituent colours.
c3 Light diffraction Light is diffracted separately at each slit, resulting in an interference pattern. Maxima form
through a double | where the waves that meet are in phase; minima form where the waves are in antiphase.
slit
c4 Piano strings Pianos (as with all stringed and wind instruments) use standing waves. The pitch varies with
length and mass per unit length.
c4 Damped driven Displacements are maximized when the driving frequency approximates the natural
pendulums frequency. Damping reduces the frequency at which the maximum displacement is
reached and the amplitude itself.
C.5 Ultrasound The Doppler effect can be combined with ultrasound imaging to measure the speed of
imaging blood flow for diagnosis of cardiovascular conditions.
D.1 Rings of Saturn The orbital speed of the rocks that make up the rings of Saturn depends on orbital radius
but not on the mass of the rocks themselves.
D.2 Magnetic field Iron filings can be used to show the 3D shape of magnetic field lines.
lines
D.3 Aurora The aurora results from the motion of charged particles from the Sun in the Earth’s
magnetic field.
E.1 Rutherford The (unexpected) outcome of the Geiger-Marsden-Rutherford experiment was that most
scattering alpha particles were undeflected but a small proportion were scattered.
experiment
E.3 lonizing lonizing radiation can damage DNA, which means that precautions must be taken to shield
radiation and reduce exposure time by those who work with radioactive isotopes.
E.4 Pressurized This fission reactor contains fuel rods, control rods, a turbine and a generator. Water acts
water nuclear both as the moderator and as the coolant for heat exchange.
reactor
E.5 Proton-proton lll | When nucleons fuse together, energy is released.
chain reaction
E.5 Sunlight The Suns light forms a spectrum. Shown here are a variety of visible light wavelengths, but
the Sun also produces invisible electromagnetic radiation.
E.5 Lifecycle of the When a nebula collapses under gravity, the temperature might be sufficient for hydrogen
Sun nuclei to fuse. The main sequence concludes when the radiation pressure from hydrogen
fusion is insufficient to counter gravity, resulting in collapse and then a red giant.
E.5 Milky Way The Sun is located in the Milky Way galaxy. This time-lapse footage over observatory

domes was captured at ESO's La Silla Observatory in the Atacama desert, Chile.
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A Space, time and motion

o Fireworks displays encapsulate a lot of physics, including thermal energy, light and sound waves, thei
behavior in the Earth’s gravitational field and the effects generated by particular types of atom. As you
will see, they also relate to space, time and motion.

There are lots of words that can be used to describe something's motion: distance and
displacement, speed and velocity, and acceleration. If you know everything about a
body’s motion at a specific position and time, then as an IB physicist you will be able
to predict its state of motion at another position or time. This is kinematics. When
simplified, the equations that govern motion horizontally and vertically can be treated
separately. Fireworks are not so simple; they experience air resistance and continue to
combust their fuel mid-flight.

The burning of fuels to generate changes in motion relates to forces and momentum.
Isaac Newton articulated three laws that describe how a lack of resultant force means
there is no change in velocity, a resultant force leads to a change in momentum and the
force of one body ‘A’ on another ‘B’ means that the same type and size of force must be
being exerted by ‘B’ on ‘A’ in precisely the opposite direction. There are types of force
to contend with, and of course not all forces act in the same direction that the body is
already moving in; circular motion results from perpendicular forces and velocities
and has its own set of governing equations.

If kinematics is the study of the journey, energy is the study of the start and end.
Energy, along with momentum, is a conserved quantity that can be changed only

if work is done. Power is another term still; it is the rate at which energy is changed

or work is done. Balancing a 100 g apple in your hand requires a force of about 1 N.
Lifting it vertically to arm’s reach requires you to provide about 1 ] of work. Doing so
repeatedly every second represents 1 W of power, irrespective of how long in total you
doit for.
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SPACE, TIME AND MOTION A-1

«f When can you think of a steam train as a particle?
Guiding Questions

How can the motion of a body be described quantitatively and qualitatively?
How can the position of a body in space and time be predicted?

How can the analysis of motion in one and two dimensions be used to solve
real-life problems?

The photograph at the start of this chapter shows a train, but we will not be dealing
with complicated systems like trains in their full complexity. In physics, we try to
understand everything on the most basic level. Understanding a physical system
means being able to predict its final conditions given its initial conditions. To do this
for a train, we would have to calculate the position and motion of every part —and
there are a lot of parts. In fact, if we considered all the particles that make up all the
parts, then we would have a huge number of particles to deal with.

In this course, we will be dealing with one particle of matter at a time. This is because
the ability to solve problems with one particle makes us able to solve problems with
many particles. We may even pretend a train is one particle.

The initial conditions of a particle describe where it is and what it is doing. These can
be defined by a set of numbers, which are the results of measurements. As time passes,
some of these quantities might change. What physicists try to do is predict their values
at any given time in the future. To do this, they use mathematical models.

Nature of Science

From the definitions of velocity and acceleration, we can use mathematics
to derive a set of equations that predict the position and velocity of a particle
at any given time. We can show by experiment that these equations give

the correct result for some examples, then make the generalization that the
equations apply in all cases.

Students should understand:

that the motion of bodies through space and time can be described and analyzed in terms of
position, velocity, and acceleration

velocity is the rate of change of position, and acceleration is the rate of change of velocity

the change in position is the displacement

the difference between distance and displacement

the difference between instantaneous and average values of velocity, speed and acceleration,
and how to determine them
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A.1 Figure 1

Note: since
displacement is a
vectar, you should
always say what the
direction is.

the equations of motion for solving problems with uniformly accelerated motion as given by:

u+v
§=——1

4
v=u-+at
1
s=ut +—at?
2

vi=u?+ 2as

motion with uniform and non-uniform acceleration

the behavior of projectiles in the absence of fluid resistance, and the application of the
equations of motion resolved into vertical and horizontal components

the qualitative effect of fluid resistance on projectiles, including time of flight, trajectory,
velocity, acceleration, range and terminal speed.

Further information about the fluid resistance force can be found in A.2.

Nature of Science

In the Tools chapter, we observed that things move and now we are going to
mathematically model that movement. Before we do that, we must define
some quantities.

Displacement and distance

Itis important to understand the difference between distance traveled and displacement.
To explain this, consider the route marked out on the map shown in Figure 1.
Displacement is the shortest path moved in a particular direction.

The unit of displacement is the meter (m). Displacement is a vector quantity.

On the map, the displacement is the length of the straight line from A to B, which isa
distance of 5 km west.

Distance is how far you have traveled from A to B.
The unit of distance is also the meter (m). Distance is a scalar quantity.
In this example, the distance traveled is the length of the path taken, which is about 10 km.

Sometimes, this difference leads to a surprising result. For example, if you run all
the way round a running track, you will have traveled a distance of 400 m but your
displacement will be 0 m.

In everyday life, it is often more important to know the distance traveled. For example,

if you are going to travel from Paris to Lyon by road, you will want to know that the
distance by road is 450 km, not that your final displacement will be 336 km southeast.
However, in physics, we break everything down into its simplest parts, so we start by
considering motion in a straight line only. In this case, it is more useful to know the
displacement, since that also has information about which direction you have traveled in.



Velocity and speed

Both speed and velocity are a measure of how fast a body is moving.

Velocity is defined as the rate of change of position. Since ‘change of position’ is

displacement and ‘rate of change’ requires division by time taken:

_ displacement

velocity =—————
time

The unit of velocity is ms.

Velocity is a vector quantity.

Speed is defined as the distance traveled per unit time:

distance
speed =————
time
The unit of speed is also m s7..

Speed is a scalar quantity.

Q1. Convert the following speeds into ms':
(@) acartraveling at 100kmh™!
(b) arunner running at 20kmh-1.

Average velocity and instantaneous velocity

Consider traveling by car from the north of Bangkok to the south —a distance of about
16 km. If the journey takes 4 hours, you can calculate your velocity to be % =4kmh!
in a southward direction. This does not tell you anything about the journey, just the
difference between the beginning and the end (unless you managed to travel ata
constant speed in a straight line). The value calculated is the average velocity and

in this example it is quite useless. If we broke the trip down into lots of small pieces,
each lasting only one second, then for each second the car could be considered to be
traveling in a straight line at a constant speed. For these short stages, we could quote
the car'’s instantaneous velocity — which is how fast it is going at that moment in
time and in which direction.

i displacement
velocity =————
time
distance
speed=——
time
1
‘ ]
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A.1Figure 2 It is not
possible to take this route

across Bangkok with a
constant velocity.

4 The bus in the photo has a

constant velocity fora very
short time.
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Q2. A runner runs once around a circular track of length 400 m with a constant
speed in 965. Calculate:

(@) theaverage speed of the runner
(b) the average velocity of the runner
(c) theinstantaneous velocity of the runner after 48s

(d) the displacement after 24s.

Constant velocity

If the velocity is constant, then the instantaneous velocity is the same all the time so:

What does Newton's

first law tell us about
the forces on a body

traveling at constant . L. . ; . ; ; .
velocity? (A.2) Since velocity is a vector, this also implies that the direction of motion is constant.

instantaneous velocity = average velocity

Measuring a constant velocity

From the definition of velocity, we see that:

~ displacement

velocity =——————
time

Rearranging this gives:
displacement = velocity x time

So, if velocity is constant, displacement is proportional to time. To test this relationship
and find the velocity, we can measure the displacement of a body at different times.

To do this, you either need a lot of clocks or a stop clock that records many times.

This is called a lap timer. In this example, a bicycle was ridden at constant speed along
a straight road past six students standing 10 m apart, each operating a stop clock as in
Figure 3. The clocks were all started when the bike, already moving, passed the start
marker and stopped as the bike passed each student.

A.1 Figure 3 Measuring the > v, & =, & ®

st:;;t 10m : 10m ! 10m : 10m Y 10m : 10m



The results achieved are shown in Table 1.

The uncertainty in
displacement is given as 0.1m
since it is difficult to decide
exactly when the bike passed
the marker.

The digital stop clock has a
scale with 2 decimal places,

so the uncertainty is 0.01s.
However, the uncertainty given
is 0.02 s since the clocks all had
to be started at the same time.

Since displacement (s) is
proportional to time (1),
then a graph of s vs t should
give a straight line with
gradient = velocity as shown
in Figure 4.

o] ~1
= =
| |

displacement/m
=

A0 e
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204
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0 — T

5 10 15 20
time(s
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A.1 Figure 4 Graph of displacement vs time for a bike.

Notice that in this graph the line does not pass through all the points. This is because
the uncertainty in the measurement in time is almost certainly bigger than the
uncertainty in the clock (+0.02s) due to the reaction time of the students stopping
the clock. To get a better estimate of the uncertainty, we would need to have several
students standing at each 10 m position. Repeating the experiment is not possible in
this example since it is very difficult to ride at the same velocity several times.

The gradient indicates that: velocity = 3.5ms™

Most school laboratories are not large enough to ride bikes in so when working indoars, we
need to use shorter distances. This means that the times are going to be shorter so hand-
operated stop clocks will have too great a percentage uncertainty. One way of timing in the
lab is by using photogates. These are connected to a computer via an interface and record
the time when a body passes in or out of the gate. So, to replicate the bike experiment in
the fab using a ball, we would need seven photogales as in Figure 5, with one extra gate to

represent the start.

A

A.1Figure5 How to measure the time for a rolling ball if you have seven photogates.

photogates
: i 35 o i 2l
2 Sem : Scm ! Scm g Scm : Sem

This would be quite expensive so we compromise by using just two photogates and a
motion that can be repeated. An example could be a ball moving along a horizontal section
of track after it has rolled down an inclined plane. Provided the ball starts from the same
point, it should have the same velocity. So, instead of using seven photogates, we can use
two - one is at the start of the motion and the other is moved to different positions along the

track as in Figure 6.

Displacement/m | Time/s
+0.1m +0.02s

10.0 3.40

20,0 5.62

30.0 8.55

40.0 12.31

50.0 14.17

60.0 17.21

A

A.1Table1

A.1Figure 6 The ball
interrupts the infrared light
transmitted across each gate
as it passes through them. The
times of these interruptions
are measured and recorded

by a data logger.
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A.1Figure 7 Measuring the | 2
velocity of a ball with two
photogates.

start time stop time

starting position

Sem © Scm  Scm 0 Sem 0 Sem  Scm

Table 2 shows the results obtained using this arrangement.

A.1Table 2 P> Displacement/ Time(t)/s £ 0.0001s Mean | Atfs
cm+0.1cm tfs

5.0 0.0997 | 0.0983 | 0.0985 | 0.1035 | 0.1040 | 0.101 | 0.003
10.0 0.1829 | 0.1969 | 0.1770 | 0.1824 | 0.1825 | 0.18 0.01
15.0 0.2844 | 0.2800 | 0.2810 | 0.2714 | 0.2779 | 0.28 0.01
20.0 0.3681 | 0.3890 | 0.3933 | 0.3952 | 0.3854 | 0.39 0.01
25.0 0.4879 | 0.5108 | 0.5165 | 0.4994 | 0.5403 | 0.51 0.03
30.0 0.6117 | 0.6034 | 0.5978 | 0.6040 | 0.5932 | 0.60 0.01

A.1 Figure 8 Graph of ’
displacement vs time for a
rolling ball.

Notice that the uncertainty
lculated f {rmax — mim)

slope = 4853 em 5! _Ca culated lrom 2

y-intercept = 0.08117 cm is much more than the

instrument uncertainty.

A graph of displacement vs

time gives Figure 8.

tfcm
e
c

displacemen
G

()
=
1

From this graph, we can see
that within the limits of the
experiment’s uncertainties
the displacement could be
proportional to time, so
we can conclude that the
velocity may have been
constant. However, if we
look closely at the data, we
see that there seems to be
a slight curve, indicating
that perhaps the ball was
slowing down. To verify

( 0 04 ! 06 this, we would have to
time/s collect more data.
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photogate

Measuring instantaneous velocity

To measure instantaneous velocity, a very small displacement must be used. This could be

A achieved by placing two photogates close together or attaching a piece of card to the moving
AT Figure Acardand body as shown in Figure 9. The time taken for the card to pass through the photogate is
photogate used to measure ‘ ) length of card (4

instantaneous velacity. recorded and the instantaneous velocity calculated from: g (?)

10



Relative velocity

Velocity is a vector so velocities must be added as vectors. Imagine you are running
north at 3ms™! on a ship that is also traveling north at 4ms'as shown in Figure 10.
Your velocity relative to the ship is 3ms™ but your velocity relative to the water is

7ms ™ If you turn around and run due south, your velocity will still be 3ms™" relative
to the ship but 1 ms™ relative to the water. Finally, if you run toward the east, the
vectors add at right angles to give a resultant velocity of magnitude 5ms™! relative to
the water. You can see that the velocity vectors have been added.

A )
. | 3ms
g = 7 - 4ms
= -1
N 4ms 4ms % ms!
2 | 3

Imagine that you are ﬂoating in the water watching two boats traveling toward each
other as in Figure 11.

-4ms'  -3ms’

&
= =

The blue boat is traveling east at 4ms™ and the green boat is traveling west at =3 ms™..
Remember that the sign of a vector in one dimension gives the direction. So, if east is
positive, then west is negative. If you were standing on the blue boat, you would see
the water going past at —~4ms™! so the green boat would approach with the velocity of
the water plus its velocity in the water: -4 + =3 = -7ms'. This can also be done in two
dimensions as in Figure 12.

According to the swimmer floating in the water, the green boat travels north and the
blue boat travels east, but an observer on the blue boat will see the water traveling
toward the west and the green boat traveling due north. Adding these two velocities
gives a velocity of 5m s~ in an approximately northwest direction.

< A.1Figure 10 Running on

board a ship.

4 A.1 Figure 11 Two boats

approach each other, The
vector addition for the
velocity of the green boat
from the perspective of the
blue boat is shown.

A.1 Figure 12 Two boats
traveling perpendicular

to each other. The vector
addition for the velacity of
the green boat from the
perspective of the blue boat

is shown.

How effectively do the
equations of motion
model Newton's laws of
dynamics? (A.2)

11
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Q3. An observer standing on a road watches a bird flying east at a velocity of
10ms™". A second observer, driving a car along the road northward at 20ms™',
sees the bird. What is the velocity of the bird relative to the driver?

Q4. Aboat travels along a river heading north with a velocity 4ms™' as a woman
walks across a bridge from east to west with velocity of 1 ms™%. Calculate the
velocity of the woman relative to the boat.

Acceleration

In everyday usage, the word accelerate means to go faster. However, in physics,
acceleration is defined as the rate of change of velocity:

change of velocity

acceleration = -
time

The unit of acceleration is ms~2.
Acceleration is a vector quantity.

This means that whenever a body changes its velocity, it accelerates. This could be
because it is getting faster, slower, or just changing direction. In the example of the
journey across Bangkok, the car would have been slowing down, speeding up and
going round corners almost the whole time so it would have had many different
accelerations. However, this example is far too complicated for us to consider in

this course (and probably any physics course). For most of this chapter, we will only
consider the simplest example of accelerated motion, which is constant acceleration.

Constant acceleration in one dimension

In one-dimensional motion, acceleration, velocity and displacement are all in the same
direction. This means they can be added without having to draw triangles. Figure 13
shows a body that is starting from an initial velocity u and accelerating at a constant
rate a to velocity v in t seconds. The distance traveled in this time is s. Since the motion
is in a straight line, this is also the displacement.

A.1Figure13 Aredball P> u a y
with constant acceleration.

v

time =0 time=t [

5

Using the definitions already stated, we can write equations related to this example.

Average velocity
displacement

From the definition, average velocity = S

average velocity = % (1)

Since the velocity changes at a constant rate from the beginning to the end, we can also
calculate the average velocity by adding the initial and final velocities and dividing by two:

) (u+v)
average velocity = 3 (2)

12



Acceleration

Acceleration is defined as the rate of change of velocity:
(v—u)

: G)
We can use these equations to solve any problem involving constant acceleration.
However, to make problem-solving easier, we can derive two more equations by
substituting from one into the other.

a=

Equating equations (1) and (2):

s (Ut
t 2
(u+v)t

§= 3 (4)
Rearranging (3) gives:v=u + at
If we substitute for v in equation (4), we get: s = ut + %atz (5)

(v—u)

Rearranging (3) again gives: t = —
If t is now substituted in equation (4), we get: v? = u? + 2as (6)

These equations are sometimes known as the suvat equations. If you know any three of

s,u,v,a and t, you can find either of the other two in one step.

Worked example

A car traveling at 10m s accelerates at 2ms 2 for 5s. What is its displacement?

Solution

The first thing to do is draw a simple diagram:

u=10ms!
—

time =0 time = 5s

This enables you to see what is happening at a glance rather than reading the text.
The next stage is to make a list of suvat.

To find s, you need an equation that contains suat. The only equation with all four of

these quantities is: s = ut + %at2
Using this equation gives: s=10x%5+ % x 2 x 52

§=75m

|

=

These equations are
known as the suvat
equations:
(v-u)

Tt

_(vrut
I
s=ut+ %at’-

vZ=u?+ 2as

How are the equations
for circular motion
related to those for
linear motion? (A.2)

A GeoGebra worksheet
linked to this topic is
available in the eBook.

When the units are
consistent, you do
not need to include
units in all stages of a
caleulation, just in the
answer.

13



SPACE, TIME AND MOTION A-1 Kinematics

The signs of displacement, velocity and acceleration

We must not forgc-:t that displacement, velocity and acceleration are vectors. This
means that they have direction. However, since this is a one-dimensional example,
there are only two possible directions, forward and backward. We know which
direction the vector is in from its sign.

If we take right to be positive:
* A positive displacement means that the body has moved to the right.
* A positive velocity means the body is moving to the right.
* A positive acceleration means that the body is either moving to the right and
getting faster or moving to the left and getting slower. This can be confusing so
consider the following example.

A.1 Figure 14 A car moves > time =55 time =0
to the left with decreasing
speed. The car is traveling in a negative direction so the velocities are negative.
u=-10ms™"
v=-5ms!
t=58
The acceleration is therefore given by:
Sms
- v-u) -5-(-10)
a= = =1ms2
_— t 5
20ms

The positive sign tells us that the acceleration is in a positive direction (right) even
though the car is traveling in a negative direction (left).

A
A.1 Figure 15 The Worked example

acceleration is negative so
points to the left.

A body with a constant acceleration of -5 ms2is traveling to the right with a
velocity of 20m s~. What will its displacement be after 20s?

The acceleration due to
gravity is not constant all i
over the Earth. 9.81 ms2 Solution

is the average value,

§=7
The acceleration also
gets smaller the higher 1=20ms"}
yaou go. However, we
ignore this change when y=27
conducting experiments
in the lab since labs are a=-5ms?
not that high.
To make the examples ES 0
easier to follow, To calculate s, we can use the equation: s = ut + 5 at?
g=10ms? s used
throughout, However, §=20=20+ % (=5) x 207 =400 - 1000 = -600m
you should only use this
approximate value in This means that the final displacement of the body is to the left of the starting
exam questions if told point. It has gone forward, stopped, and then gone backward.
to do so,

14



Q5. Calculate the final velocity of a body that starts from rest and accelerates at
5ms for a distance of 100m.

Q6. A body starts with a velocity of 20m s~ and accelerates for 200 m with an
acceleration of 5ms2. What is the final velocity of the body?

Q7. Abody accelerates at 10ms2 and reaches a final velocity of 20ms"in 5s.
What is the initial velocity of the body?

Free fall motion

Although a car has been used in the previous examples, the acceleration of a car is

not usually constant so we should not use the suvat equations. The only example of
constant acceleration that we see in everyday life is when a body is dropped. Even then,
the acceleration is only constant for a short distance.

How does the motion
of an abject change
within a gravitational
field? (D.1)

Acceleration of free fall s
plane {with a parachute
When a body is allowed to fall freely, we say it is in free fall. Bodies falling freely on the on), you will feel the

Earth fall with an acceleration of about 9.81 ms~2 (depending where you are). The body f{i;hef;if \j;ruai;; i

falls because of gravity. For that reason, we use the letter g to denote this acceleration. all Fastor and faster the
Since the acceleration is constant, we can use the suvat equations to solve problems. air will push upward
more and mote until
faster. At this point, you
have reached terminal
velocity. We will come

back to this after
introducing forces.

In these calculations, use g = 10m s—2.

Q8. Aballis thrown upward with a velocity of 30ms~!. What is the displacement
of the ball after 257

Q9. Aballis dropped. What will its velocity be after falling 65 cm?

Q10. Aballis thrown upward with a velocity of 20m s~!. After how many seconds
will the ball return to its starting point?

Measuring the acceleration due to gravity

When a body falls freely under the influence of gravity, it accelerates at a constant
rate. This means that time to fall t and distance s are related by the equation:

s=ut + yat% If the body starts from rest, then u = 0 so the equation becomes:

s =5at® Since s is directly proportional to 2 a graph of s vs 2 would therefore

be a straight line with gradient 3 g. It is difficult to measure the time for a ball to
pass different markers, but if we assume the ball falls with the same acceleration
when repeatedly dropped, we can measure the time taken for the ball to fall from
different heights. There are many ways of doing this. All involve some way of
starting a clock when the ball is released and stopping it when it hits the ground.
Table 3 shows a set of results from a ‘ball drop’ experiment.

Apparatus for measuring g.
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A.1Table3 P>

If a parachutist kept
accelerating ata
constant rate, they
would break the
sound barrier after
about 305 of flight.
By understanding
the forces involved,
scientists have been
able to design wing
suits so that base
jumpers can achieve
forward velocities
greater than their rate
of falling.

A worksheet with full
details of how to carry
out this experiment is
available in the eBook.

A.1 Figure 16 Heightvs

time? far a falling object.

Why would it not be
appropriate to apply the
suvat equations to the
motion of a body falling
freely from a distance of
2 times the Earth's radius
to the surface of the
Earth? (D.1)

16

S

>

Kinematics
Height(h)/m Time(t)/s + 0.001s Mean 2[s2 | A(t2)[s2
+0.001m ts
0.118 0.155 | 0.153 | 0.156 | 0.156 | 0.152 | 0.154 0.024 0.001
0.168 0.183 | 0.182 | 0.183 | 0.182 | 0.184 0.183 0.0334 0.0004
0.218 0.208 | 0.205 | 0.210 | 0.211 | 0.210 0.209 0.044 0.001
0.268 0.236 | 0.235 | 0.237 | 0.239 | 0.231 0.236 0.056 0.002
0.318 0.250 | 0.254 | 0.255 | 0.250 | 0.256 0.253 0.064 0.002
0.368 0.276 | 0277 | 0.276 | 0.278 | 0.276 0.277 0.077 0.001
0.418 0.292 | 0.293 | 0.294 | 0.291 | 0.292 0.292 0.085 0.001
0.468 0.310 | 0.310 | 0303 | 0.300 | 0311 0.307 0.094 0.003
0.518 0.322 | 0328 | 0330 | 0328 | 0.324 | 0.326 0.107 0.003
0.568 0.342 | 0.341 | 0343 | 0343 | 0.352 0.344 0.118 0.004
(b = L)

Notice that the uncertainty in 12 is calculated from: 3

Notice how the line in Figure 16 is very close to the points and that the uncertainties
reflect the actual random variation in the data. The gradient of the line is equal to 3¢
so g = 2 x gradient.

£=2%4814=9.624 ms?

The uncertainty in this value can be estimated from the steepest and least steep lines:
Guax =2 % 5.112=10.224ms2
Zmin=2%4.571=9.142ms™?

(Smax — Gui) (10224 - 9.142)
Ag — =

2 2

=0.541ms?

So, the final value including uncertainty is 9.6 + 0.5ms™2

This is in agreement with the accepted average value which is 9.81ms™.

E 0.6
i RN
'S B
= (.5 slope =4.814ms?
y-intercept = 0.005 m
0.4
034 || slope =4.571 ms?
y-intercept = (.0137 m
0.24 :
. slope=5.112ms?
0.1 y-intercept = -0.01030 m
0 —— T
0 001 002 003 004 005 006 007 008 009 010 011 0.12
time?[s?



Graphical representation of motion

Graphs are used in physics to give a visual representation of relationships. In
kinematics, they can be used to show how displacement, velocity and acceleration

You need 1o be able to:
work out what kind

change with time. Figure 17 shows the graphs for four different examples of motion. of motion a body
' has by looking at the
The best way to sketch graphs is to split the motion into sections then plot where the graphs

sketch graphs for a

body is at different times. Joining these points will give the displacement-time graph. . :
given motion.

Once you have done that, you can work out the yv—t and a—t graphs by looking at the s—t
graph rather than the motion.

Gradient of displacement-time graph

changeiny Ay
The gradient of a graph is: —————= -~
changeinx Ax

In the case of the displacement—time graph, this will give:

gradient = o
At
This is the same as velocity.
We can represent the motion of a body on displacement—time graphs, velocity—time
graphs and acceleration—time graphs. The three graphs of these types shown in
Figure 17 display the motion of four bodies, which are labeled A, B, C and D.
D = (e b e
TSR el
Jin Pl '
3 " A3 .
s time ) ABC
c > C time
time
Body A Body B
A body that is not moving. A body that is traveling with a constant
Displacement is always the same. positive velocity.
Velocity is zero. Displacement increases linearly with time.
Acceleration is zero. Velocity is a constant positive value.
Acceleration is zero.
Body C Body D
A body that has a constant negative A body that is accelerating with constant
velocity. acceleration.
Displacement is decreasing linearly Displacement is increasing at a non-linear g4 ol
with time. rate. The shape of this line is a parabola E
Velocity is a constant negative value. since displacement is proportional to %’L
Aceeleration is zero. t2(s=ut+ %atz). E
Velocity is increasing linearly with time.
Acceleration is a constant positive value. B
So, the gradient of the displacement—time graph equals the velocity. Using this Hime
information, we can see that line A in Figure 18 represents a body with a greater A
velocity than line B, and that since the gradient of line C is increasing, this must be the A.1Figure 18 Three new
graph for an accelerating body. bodies to compare.
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[
'

displacement

At
time

A.1 Figure 19 Finding the
gradient of the tangent.

velocity A
¥
At time

A.1Figure 20 The area is
displacement.

B4

=

X

w

S

o

a

At time

A.1 Figure 21 The area is
change in velocity.

How does analyzing
graphs allow us to
determine other
physical quantities?
(NOS)

4 GeoGebra worksheet @
linked to this topic is

available in the eBook.
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Instantaneous velocity

When a body accelerates, its velocity is constantly changing. The displacement—time
graph for this motion is therefore a curve. To find the instantaneous velocity from
the graph, we can draw a tangent to the curve and find the gradient of the tangent as
shown in Figure 19.

Area under velocity-time graph
The area under the velocity—time graph for the body traveling at constant velocity v
shown in Figure 20 is given by

area = vAt

- . As
But we know from the definition of velocity that: v = Tt

Rearranging gives As = vAt so the area under a velocity—time graph gives the
displacement.

This is true, not only for simple cases such as this, but for all examples.

Gradient of velocity-time graph

Av
At

The gradient of the velocity—time graph is given by —. This is the same as

acceleration.

Area under acceleration-time graph

The area under the acceleration—time graph in Figure 21 is given by aAt. But we know
(v—u)
t

from the definition of acceleration that: a =
Rearranging this gives v —u = aAt so the area under the graph gives the change in velocity.

If you have covered calculus in your mathematics course, you may recognize these
equations:

2
v=$,a=:_1:=g_zjandﬁf"d‘-":j“dt

Q11. Sketch a velocity—time graph for a body starting from rest and accelerating
at a constant rate to a final velocity of 25ms™ in 10 seconds. Use the graph
to find the distance traveled and the acceleration of the body.

Q12. Describe the motion of the body whose velocity—time graph is shown.
What is the final displacement of the body?

velocity/ms=' A
10

de

3 N time/s
-10 ~




Q13. Aballis released from rest on the hill in the figure below. Sketch the s, v—,
and at graphs for its horizontal motion.

Q14. Aball rolls along a table then falls off the edge, landing on soft sand. Sketch
the s—t, v—t, and a—t graphs for its vertical motion.

Example 1: The suvat example

As an example, let us consider the motion we looked at when deriving the suvat
equations.

time =0

Displacement-time

The body starts with velocity u and travels to the right with constant acceleration a for a
time t. If we take the starting point to be zero displacement, then the displacement—
time graph starts from zero and rises to s in t seconds. We can therefore plot the two
points shown in Figure 23. The body is accelerating so the line joining these points is

a parabola. The whole parabola has been drawn to show what it would look like — the
reason it is offset is because the body is not starting from rest. The part of the curve to
the left of the origin tells us what the particle was doing before we started the clock.

Velocity-time

Figure 24 is a straight line with a positive gradient
showing that the acceleration is constant. The line
does not start from the origin since the initial v
velocity is u.

velocity

) , which we know

The gradient of this line is ( :

from the suvat equations is acceleration.

[
>

time

The area under the line makes the shape of a
trapezium. The area of this trapezium is %(v + ujt.

This is the suvat equation fors.
acceleration A
Acceleration-time

The acceleration is constant so the acceleration—time a
graph is a horizontal line as shown in Figure 25.

The area under this line is a x t, which we know

from the suvat equations equals (v —u).

t time

A.1 Figure 22 A body with

constant acceleration.

displacement 4

Negative time does
not mean going back
intime -
time before you started
the clock.

it means the

»

T
¢ time

A.1 Figure 23 Constant

acceleration.

acceleration.

acceleration.

<« A.1Figure 24 Constant

‘ A.1 Figure 25 Constant
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A.1 Figure 26 \Vertical
displacement vs time.

Why is the height
reached by a bouncing
ball less than the height

of release? (A.3)

A.1 Figure 27 Vertical
displacement vs time.,

20

>

Example 2: The bouncing ball

Consider a rubber ball dropped from position A above the ground onto hard surface B.
The ball bounces up and down several times. Figure 26 shows the displacement-time
graph for four bounces. From the graph, we see that the ball starts above the ground
then falls with increasing velocity (as shown by the increasing negative gradient).
When the ball bounces at B, the velocity suddenly changes from negative to positive as
the ball begins to travel back up. As the ball goes up, its velocity decreases until it stops
at C and begins to fall again.

Q

displacement
A

B D time

Exercise

Q15. By considering the gradient of the displacement-time graph in Figure 26,
plot the velocity-time graph for the motion of the bouncing ball.

Example 3: A ball falling with air resistance

Figure 27 shows the motion of a ball that is dropped several hundred meters through
the air. It starts from rest and accelerates for some time. As the ball accelerates, the air
resistance increases, which stops the ball from getting any faster. At this point, the ball
continues with constant velocity.

-

h

displacement

time

Q16. By considering the gradient of the displacement-time graph, plot the
velocity—time graph for the motion of the falling ball in Figure 27.



Projectile motion

We all know what happens when a ball is thrown. It follows a curved path like the one
in the photo. We can see from this photo that the path is parabolic and later we will
show why that is the case.

Modeling projectile motion

All examples of motion up to this point have been in one dimension but projectile
motion is two-dimensional. However, if we take components of all the vectors vertically
and horizontally, we can simplify this into two simultaneous one-dimensional
problems. The important thing to realize is that the vertical and horizontal components
are independent of each other. You can test this by dropping an eraser off your desk and
flicking one forward at the same time — they both hit the floor together. The downward
motion is not changed by the fact that one stone is also moving forward.

B
e LTy A
g ",
. h
kY max height
$ Y
| c\o
R >
range

v

Consider a ball that is projected at an angle 0 to the horizontal, as shown in Figure 28.
We can split the motion into three parts, beginning, middle and end, and analyze the
vectors representing displacement, velocity and time at each stage. Notice that the path
is symmetrical, so the motion on the way down is the same as on the way up.

Horizontal components

At A (time =0) AtB (time =%) At C (time =1)

displacement = R displacement = R

2
velocity =vcos 8

displacement = zero

velocity =vcos 0 velocity =vcos @

acceleration =0 acceleration =0 acceleration =0

Vertical components

At A AtB At C

displacement = zero displacement = h displacement = zero

velocity =vsin 6 velocity = zero velocity = —vsin 6

acceleration = —g acceleration = —g acceleration = —g

We can see that the vertical motion is constant acceleration and the horizontal motion
is constant velocity. We can therefore use the suvat equations.

When can problems
on projectile motion
be solved by applying
conservation of energy
instead of kinematic
equations? (A.3)

<« A.1Figure28 A projectile

| launched at an angle 6.

Note that, at C, we are
using the magnitude of
8{which is unchanged
from position A).
Therefore the negative
sign is In place lo
provide the correct
velocity direction; the
projectile is moving
downward.
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Since the horizontal suvat for horizontal motion
displacement is
proportional to £, the
path has the same

Since acceleration is zero, there is only one equation needed to define the motion.

shape as a graph of Suvat AtoC
vertical displacement s eyt
plotted against time. t

This is parabolic
since the vertical

At speneit suvat for vertical motion

proportional to £, When considering the vertical motion, it is worth splitting the motion into two parts.
A.1Tabled P> suvat AtB AtC
> t
s='§(u +)t h :%(vsin 9}5 0=%(vsin B-vsin O)t
A GeoGebra worksheet | i ; ) )
linked to this topic is vi=ul+ as 0=v2sin’f—- 2gh (—vsin 8)2 = (vsin 6)2—-0
v-u 2“vsinﬂ—(} _vsin - (-vsin 6)

identity) "

i Solving problems
g
This is maximum when
sin @ is a maximurm
(sin®@=1), which is

when @ = 45°,

Hls In a typical problem, you will be given the magnitude and direction of the initial

a =
For a given value of v, ¢ - t & !
the maximum range 2
is when veos@tisa
maximum value. Some of these equations are not very useful since they simply state that 0 = 0.
4o 2¥sing However, we do end up with three useful ones (highlighted):
g
If we substitute this for R=vcos 0t (7)
Lwe get: y I s |
visin?@
2 : 0=v%sin20-2¢h or h=—1— (8)
R= 2v co.;&smﬂ 8 2¢
Now, 2sinfcosf = sin“@ ; 2vsin @
(a trigonometric 0=vsinOt - Egtz or 1= g (9)
velocity and asked to find either the maximum height or range. To calculate h, you can
use equation (8), but to calculate R, you need to find the time of flight so must use (9)
first. (You could also substitute for t into equation (6) to give another equation but we
have enough equations already.)
field compare to the you understand how to apply the suvat equations to the two components of the

motion of a charged projectile motion, you only have to remember the suvat equations (and they are in the
particle in an electric data booklet).

field? (D.2)
Worked example

A ball is thrown at an angle of 30° to
the horizontal at a speed of 20ms-..
Calculate its range and the

available in the eBook. —a i ()2 2
' s=ut+5at? h=vsin 8“53(5) 0=vsin Ot —5gt*

RS ops g mpton of You do not have to remember a lot of equations to solve a projectile problem. If
d. Mass in a graVIIatlonal

maximum height reached.
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Solution

First, draw a diagram, including labels defining all the quantities known and
unknown.

Now we need to find the time of flight. If we apply s = ut + 3 at? to the whole flight
we get:
2vsin@ (2 x 20 % sin 30°)

t= g 10 =2s

We can now apply s = vt to the whole flight to find the range:

R=vcosOt=20xcos30° % 2=346m

Finally, to find the height, we apply s =ut + %at2 to the vertical motion, but
remember that this is only half the complete flight so the time is 1s.

h=vsinOt-3g12=20xsin30°x 1-3x10x 12=10-5=5m

Worked example

A ball is thrown horizontally from a cliff top , y I
with a horizontal speed of 10ms. 'J S
If the cliff is 20 m high, what is the range || |'i|||
of the ball? 20m / ‘| |
| I | “.
[y %
¥ |' | r | “.

Solution
This is an easy one since there are no angles to deal with. The initial vertical
component of the velocity is zero and the horizontal component is 10ms™".
To calculate the time of flight, we apply s = ut + %atz to the vertical component.
Knowing that the final displacement is =20 m, this gives:

1 @x )

-20m=0-3gt’sot= V'T =12s

We can now use this value to find the range by applying the equation s = vt to the

horizontal component: R=10 x 2 =20m

When a bullet is fired
@ ata distant target, it

will travel in a curved
path due to the action
of gravity. Precision
marksmen adjust their
sights to compensate
for this. The angle of
this adjustment could
be based on calculation
or experiment (trial and
efror).

4 If yau have ever played golf,

you will know that it is not
true that the maximum range
is achieved with an angle

of 45°. The angle is actually
much less. This is because the
yw the air like
is photo, Alan
Shepard is playing golf on the
Moan. Here, the maximum
range will be at 45°.
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How does gravitational
force allow for orbital
motion? (A.2)

A.1 Figure 29 When
air resistance is present

the projectile’s motion is
asymmetric.

24

Q17. Calculate the range of a projectile thrown at an angle of 60° to the horizontal
with a velocity of 30ms™.

Q18. You throw aball at a speed of 20ms.

(@) At what angle must you throw the ball so that it will just get over a wall
that is 5m high?
(b) How far away from the wall must you be standing?

Q19. A gunis aimed so that it points directly at the center of a target 200 m away.
If the bullet travels at 200ms-!, how far below the center of the target will the
bullet hit?

Q20. If you can throw a ball at 20ms™, what is the maximum distance you can
throw it?

Challenge yourself

1. A projectile is launched perpendicular to a 30° slope at 20ms~!. Calculate the
distance between the launching position and landing position.

Projectile motion with air resistance

In all the examples above, we have ignored the fact that the air will resist the motion
of the ball. Air resistance opposes motion and increases with the speed of the moving
object. The actual path of a ball including air resistance is likely to be as shown in
Figure 29.

T
-
/" g
’ L
’ "
F N

Y ’ =
’ N without air
’ L resistance

with air \
resistance i

Notice that both the maximum height and the range are less. The path is also no longer
a parabola — the way down is steeper than the way up.

The equation for this motion is complex. Horizontally, there is negative acceleration
and so the horizontal component of velocity decreases. Vertically, there is increased
magnitude of acceleration on the way up and a decreased magnitude of acceleration on
the way down. None of these accelerations are constant so the suvat equations cannot
be used. Luckily, all you need to know is the shape of the trajectory and the qualitative
effects on range and time of flight.



Alternative air effects

The air does not always reduce the range of a projectile. A golf ball travels further than
a ball projected in a vacuum. This is because the air holds the ball up, in the same way
that it holds up a plane, due to the dimples in the ball and its spin.

dimpled ball flight

smooth ball flight

Guiding Questions revisited

How can the motion of a body be described quantitatively and qualitatively?
How can the position of a body in space and time be predicted?

How can the analysis of motion in one and two dimensions be used to solve
real-life problems?

In this chapter, we have considered real-life examples to show that:

Displacement is the straight-line distance between the start and end points of a
body’s motion and it has a direction.

Velocity is the rate of change of displacement (and the vector equivalent of speed).
Acceleration is the rate of change of velocity (and can therefore be treated as a
vector).

Motion graphs of displacement and velocity (or acceleration) against time
enable qualitative changes in these quantities to be described and calculations of
other quantities to be performed.

The suvat equations of uniformly accelerated motion can be used to predict

how position and velocity change with time (or one another) when a body
experiences a constant acceleration.

Vector quantities can be split into perpendicular components that can be treated
independently, making it possible to solve problems in two dimensions using the
suvat equations twice, for example, vertically and then horizontally for a projectile.
Air resistance changes the acceleration in both perpendicular components,
which means that the suvat equations cannot be used.

< A.1Figure 30 The path of
a smooth ball and a dimpled

golf ball.
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Practice questions

1. Police car P is stationary by the side of a road. Car S passes car P at a constant
speed of 18 ms™. Car P sets off to catch car S just as car S passes car P. Car P
accelerates at 4.5ms™ for 6.0s and then continues at a constant speed. Car P
takes t seconds to draw level with car S.

(a) State an expression, in terms of t, for the distance car S travels in

t seconds. (1)
(b) Calculate the distance traveled by car P during the first 6.0s of its

motion. (1)
(c) Calculate the speed of car P after it has completed its acceleration. (1)

(d) State an expression, in terms of t, for the distance traveled by car P
during the time that it is traveling at constant speed. (1)

(e) Using your answers to (a) to (d), determine the total time t taken by
car P to draw level with car S. (2)

(Total 6 marks)

2. Aballis kicked with a speed of 14m s at 60° to the horizontal and lands
on the roof of a 4 m high building.

(@) (i) State the final vertical displacement of the ball. (1)
(i) Calculate the time of flight. (3)

(iii) Calculate the horizontal displacement between the start point
and the landing point on the roof. (2)

(b) The ballis kicked vertically upward. Explain the difference between
the time to reach the highest point and the time from the highest
point back to the ground. (3)

(Total 9 marks)
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3. Two boys kick a football up and
down a hill that is at an angle of
30° to the horizontal. One boy
stands at the top of the hill and
one boy stands at the bottom of
the hill.

(a) Assuming that each boy kicks the ball perfectly to the other boy
(without spin or bouncing), sketch a single path that the ball could
take in either direction. 2)

(b) Compare the velocities with which each boy must strike the ball to
achieve this path. (2)

(Total 4 marks)

4. The graph shows how the displacement of an object varies with time.
At which point (A, B, C or D) does the instantaneous speed of the object
equal its average speed over the interval from 0 to 3s?

A

4]
D
3o
displacement/m
C

1

A
0 : -

(=

time/s

(Total 1 mark)

5. Arunner starts from rest and accelerates at a constant rate.
Which graph (A, B, C or D) shows the variation of the speed v of
the runner with the distance traveled s?

Ay B vy

0 0
0 s 0 s

C vy D vy
0 o4 4
0 s 0 s

(Total 1 mark)
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6. A student hits a tennis ball at point P, which is 2.8 m above the ground.
The tennis ball travels at an initial speed of 64ms™" at an angle of 7.0° to
the horizontal. The student is 11.9m from the net and the net has a height
of 0.91m.

diagram not to scale

64ms!

= = ground
11.9m
(a) Calculate the time it takes the tennis ball to reach the net. (2)
(b) Show that the tennis ball passes over the net. (3)
(c) Determine the speed of the tennis ball as it hits the ground. (2)

(Total 7 marks)

7. Estimate from what height, under free-fall conditions, a heavy stone would
need to be dropped if it were to reach the surface of the Earth at the speed
of sound (330ms™).

(Total 2 marks)
8. A motorbike is ridden up the left side of a symmetrical ramp. The bike

reaches the top of the ramp at speed u, becomes airborne and falls to a point P
on the other side of the ramp.

In terms of u, | and g, obtain expressions for:

(a) the timet for which the motorbike is in the air (2)

(b) the distance OP (= [) along the right side of the ramp. (3)
(Total 5 marks)
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SPACE, TIME AND MOTION A-2 Forces and momentum

<« The launch of the James Webb Space Telescope took place on 25 Decemnber 2021, When an object
ejects a gas in a downward direction, the gas exerts an equal and upward force on the abject. This is an
example of a Newton's third law pair.

How can we use our knowledge and understanding of the forces acting on a
system to predict changes in translational motion?

How can Newton'’s laws be modeled mathematically?

How can the conservation of momentum be used to predict the behavior of
interacting objects?

The motion of a body traveling with constant acceleration can be modeled using the
suvat equations of uniformly accelerated motion. But what causes the acceleration?

First we must introduce a second body, which interacts with the original body. When
two bodies interact, we say that they exert forces on one another in accordance

with Newton’s three laws of motion. Forces can take many forms, but the presence
of a force is required for one body to change the speed or course of another (an
acceleration).

The effect of the force depends upon its direction, so we use an arrow to represent the
size and direction of a given force. By adding all the arrows together as vectors, we
can calculate the overall size and direction of the resultant force. Using this direction
of force and, therefore, acceleration in combination with the suvat equations, we can
predict the new position and velocity of the original body.

Momentum is the product of mass and velocity, two quantities that we met in the
previous chapter. What makes it worth defining in its own right? Momentum is always
conserved in any collision provided there are no external forces. This conservation is a
direct consequence of Newton’s three laws and can be used as a quick way to apply them.

Nature of Science

Newton'’s three laws of motion are a set of statements, based on observation
and experiment, that can be used to predict the motion of a point object from
the forces acting on it.

Students should understand:

Newton's three laws of motion

forces as interactions between bodies

forces acting on a body can be represented in a free-body diagram

free-body diagrams can be analyzed to find the resultant force on a system
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the nature and use of the following contact forces:

» normal force Fy is the component of the contact force acting perpendicular to the surface
that counteracts the body

« surface frictional force F; acting in a direction parallel to the plane of contact between a
body and a surface, on a stationary body as given by F; < uFyy or abody in motion as
given by

F; = p,F where p, and p are the coefficients of static and dynamic friction respectively

« clastic restoring force Fy; following Hooke's law as given by Fy; = —kx where k is the spring
constant

« viscous drag force F; acting on a small sphere opposing its motion through a fluid as
given by Fy = 6myrv where ny is the fluid viscosity, r is the radius of the sphere, and v is the
velocity of the sphere through the fluid

* buoyancy F, acting on a body due to the displacement of the fluid as given by F}, = pVg
where V is the volume of fluid displaced

the nature and use of the following field forces:
* gravitational force F, as the weight of the body and calculated as given by £, = mg
« electric force F,

* magnetic force F,,

linear momentum as given by p = mv remains constant unless the system is acted upon by a
resultant external force

aresultant external force applied to a system constitutes an impulse ./ as given by J = FAr
where F is the average resultant force and Ar is the time of contact

the applied external impulse equals the change in momentum of the system

Ap
Newton's second law in the form F = ma assumes mass is constant whereas F = ) allows for

situations where mass is changing

the elastic and inelastic collisions of two bodies

explosions

energy considerations in elastic collisions, inelastic collisions, and explosions

bodies moving along a circular trajectory at a constant speed experience an acceleration that is
directed radially toward the center of the circle — known as a centripetal acceleration as given

v 3 4n’r

circular motion is caused by a centripetal force acting perpendicular to the velocity

a centripetal force causes the body to change direction even if its magnitude of velocity may
remain constant

the motion along a circular trajectory can be described in terms of the angular velocity @

A : ; A 2ar
which is related to the linear speed v by the equation as given by v= % =awr.

Hooke's law and the elastic restoring force is discussed in A.3. The definitions of
elastic and inelastic collisions can also be found in A.3. Information about electric and
magnetic forces can be found in D.2.
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A force is a push or
a pull.

The unit of force is
the newton.

A.2 Figure 1 Two

astronauts and a red ball,

If yau hold an object
of mass 100g in your
hand, then you will be
exerting an upward
force of about one
newton {1 N).

Forces and momentum

Force

We can now model the motion of a constantly accelerating body but what makes it
accelerate? From experience, we know that to make something move we must push

or pullit. We call this applying a force. One simple way of applying a force to a body
is to attach a string and pull it. Imagine a sphere floating in space with two strings
attached. The sphere will not start to move unless one of the astronauts pulls the string
asin Figure 1.

>

If A pulls the string, then the body will move to the left, and if B pulls the string, it will
move to the right. We can see that force is a vector quantity since it has direction.

Addition of forces

Since force is a vector, we must add forces vectorially, so if A applies a force of 50N
and B applies a force of 60N, the resultant force will be 10N toward B, as can be seen in
Figure 2.

A

A.2 Figure 2 Astronaut B

pulls harder than A.

Astronauts in space
are considered here
so that no other
forces (except for
very low gravity) are
present. This makes
things simpler.

32

A.2 Figure 3 Astronauts pulling at right angles.

Or, in two dimensions, we can use trigonometry as in Figure 3.

In this case, because the addition of forces forms a right-angled triangle, we can use
Pythagoras to find x:

x=J502+602=78N



Taking components

As with other vector quantities, we can calculate components of forces. For example,
we might want to know the resultant force in a particular direction.

In Figure 4, the component of the force in the x-direction is: F, = 60 x cos 30° = 52N

This is particularly useful when we have several forces.

A

A.2 Figure 4 Pulling at an angle. A.2Figure5 Astronauts not
pulling in line.
In the example shown in Figure 5, we can use components to calculate the resultant

force in the x-direction: 60 x cos 30°+ 50 x cos 30° =52+ 43=95N

Exercise

Equilibrium

If the resultant force on a body is zero, as in Figure 6, then we say the forces are
balanced or the body is in equilibrium.

A.2 Figure 6 Balanced
forces.
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A.2 Figure 7 Three
balanced forces.

A.2 Figure 8 A free-body
diagram of the forces in
Figure 7.

34
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Or with three forces as in Figure 7.

70.7N %

50N SON

T0.7TN

In this example, the two blue forces are perpendicular, making the trigonometry easy.
Adding all three forces gives a right-angled triangle. We can also see that if we take
components in any direction, then the forces must be balanced.

Taking components in the x-direction:

=50 x cos 45° = 50 x cos 45° + 70.7 = =35.35 - 3535+ 70.7 =0
Taking components in the y-direction:

50 x sin 45° = 50 x sin 45° =0

Free-body diagrams

Problems often involve more than one body. For example, the previous problem involved
fourbodies, three astronauts, and one red ball. All of these bodies will experience forces,
but if we draw them all on the diagram, it would be very confusing. For that reason, we
only draw forces on the body we are interested in; in this case, the red ball. This is called a
free-body diagram, as shown in Figure 8. Note that we treat the red ball as a point object
by drawing the forces acting on the center. Not all forces actually act on the center, but
when adding forces, it can be convenient to draw them as if they do.

Q2. In the following examples, calculate the force F required to balance the forces.
(a) (b)

40N
60N 60N

rs
v




Q3. Calculate the resultant force for the following.

(a) (b)

40N
40N 60N

Q4. By resolving the vectors into components, calculate if the following bodies
are in translational equilibrium or not. If not, calculate the resultant force.

@) 866N (b) 4N 6N

30°

ll{]N

Q5. If the following two examples are in equilibrium, calculate the unknown

forces F,, F,and F..
a
(@) (b) Fsy e
~30°7)
6N F
V60N

Newton'’s first law of motion

From observation, we can conclude that to make a body move we need to apply an
unbalanced force to it. What is not so obvious is that once moving it will continue
to move with a constant velocity unless acted upon by another unbalanced force.
Newton'’s first law of motion is a formal statement of this:

A body will remain at rest or moving with constant velocity unless acted upon by an unbalanced force.

The reason that this is not obvious to us on Earth is that we do not tend to observe bodies
traveling with constant velocity with no forces acting on them; in space, it would be
more obvious. Newton'’s first law can be used in two ways. If the forces on a body are
balanced, then we can use Newton’s first law to predict that it will be at rest or moving
with constant velocity. If the forces are unbalanced, then the body will not be at rest

or moving with constant velocity. This means its velocity changes — in other words, it
accelerates. Using the law the other way round, if a body accelerates, then Newton’s first
law predicts that the forces acting on the body are unbalanced. To apply this law in real
situations, we need to know a bit more about the different types of force.

A law in physics is

a very useful tool. If
applied properly, it
enables us to make a
very strong argument
that what we say is
true. If asked ‘will a box
move? you can say that
you think it will and
someone else could
say it will not. You bath
have your opinions
and you would then
argue as to who is right.
However, if you say
that Newton's law says
it will move, then you
have a much stronger
argument (assuming
you have applied the
law correctly).
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A.2 Figure 9 [bxerting
tension with a string.

A.2 Figure 10 A normal
reaction force is exerted
when a hand is in contact

with a ball.

the ground '
—

A.2 Figure 11 Aball in
free fall.

Types of force
Tension

Tension is the name of the force exerted by the astronauts on the red ball. If you attach
a string to a body and pull it, then you are exerting tension, as in Figure 9.

Normal reaction

Whenever two surfaces are in contact with (touching) each other, there will be a force
between them. This force is perpendicular to the surface so it is called the normal
reaction force. If the astronaut pushes the ball with his hand as in Figure 10, then
there will be a normal reaction between the hand and the ball.

Note that the force acts on both surfaces so the astronaut will also experience a normal
force. However, since we are interested in the ball, not the astronaut, we take the ball as
our ‘free body’ so only draw the forces acting on it.

Gravitational force (weight)

Back on Earth, if a body is released above the ground as in Figure 11, it accelerates
downward. According to Newton's first law, there must be an unbalanced force
causing this motion. This force is called the weight. The weight of a body is directly
proportional to its mass: F, = mg where gravitational field strength, g = 9.81 Nkg™' close
to the surface of the Earth. Note that this is the same as the acceleration of free fall. You
will find out why later on.

Note that the weight acts at the center of the body.

Ifa block is at rest on the floor, then Newton's first law implies that the forces are balanced.
The forces involved are weight (because the block has mass and is on the Earth) and
normal force (because the block is in contact with the ground). Figure 12 shows the forces.

A.2 Figure 12 A free-body diagram of ~ A.2 Figure 13 A string applies an A.2 Figure 14 The block is lifted as
a box resting on the ground. upward force on the box, the tension is bigger than its weight.
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These forces are balanced so: —F, + Fy=0or F, = F,
If the mass of the block is increased, then the normal reaction will also increase.
If a string is added to the block, then we can exert tension on the block as in Figure 13.

The forces are still balanced since F, + F,, = F,. Notice how F, has remained the same but
F, has got smaller. If we pull with more force, we can lift the block as in Figure 14. At
this point, the normal reaction F, will be zero. The block is no longer in contact with
the ground; now F, = F.,.



The block in Figure 15 is on an inclined plane (slope) so the weight still acts downward.
In this case, it might be convenient to split the weight into components, one acting
parallel to the slope and one acting perpendicular to the slope.

The component of weight perpendicular to the slope is F, cos 6. Since there is no
movement in this direction, the force is balanced by F,.. The component of weight
parallel to the slope is F, sin 0. This force is unbalanced, causing the block to accelerate
parallel to the slope. If the angle of the slope is increased, then sin 8 will also increase,
resulting in a greater force down the slope.

Electric and magnetic forces

Electric forces act on charged particles. Magnetic forces act on moving charged
particles and magnetic materials.

Like weight (i.e. gravitational forces), electric and magnetic forces act at a distance.
Unlike weight, they can be attractive and repulsive.
Friction

There are two types of friction: static friction, which is the force that stops the relative
motion between two touching surfaces, and dynamic friction, which opposes the
relative motion between two touching surfaces. In both cases, the force is related to
both the normal force and the nature of the surfaces, so pushing two surfaces together
increases the friction between them.

Fy= pF, where p is the coefficient of friction (static or dynamic).

Dynamic friction

In Figure 16, a block is being pulled along a table at a constant velocity.

A.2 Figure 17 Two blocks joined with a rope. A.2 Figure 18 Two blocks on top of
each other.

Since the velocity is constant, Newton'’s first law implies that the forces are balanced so
F, = Frand F, = F,. Notice that friction does not depend on the area of contact. We can
show this by considering two identical blocks sliding at constant velocity across a table
top joined together by a rope as in Figure 17. The friction under each cube is pyF, so
the total friction would be 2p4F,.

If one cube is now placed on top of the other as in Figure 18, the normal force under
the bottom cube will be twice as much so the friction is now 2p,F. It does not matter
if the blocks are side by side (large area of contact) or on top of each other (small area
of contact); the friction is the same.

A.2 Figure 15 Free-body
diagram for a block on a
slope.

What assumptions
(NOS) about the forces
between molecules of
gas allow for ideal gas
behavior? (B.3)

FA2

A.2 Figure 16 The farce
experienced by a block
pulled along a table.

a7
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A.2 Figure 19 UF, is the -3
maximum size of friction.

A.2 Figure 20 A block rests P
on a slope until the forces |
become unbalanced.

A

A.2 Figure 21 Friction
pushes the car forwards.
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If this is the case, then why do racing cars have wide tires with no tread pattern (slicks)?
There are several reasons for this, but one is to increase the friction between the tires
and the road. This is strange because friction is not supposed to depend on area of
contact. In practice, friction is not so simple. When one of the surfaces is sticky like the
tires of a racing car, the force does depend upon the surface area. The type of surfaces
we are concerned with here are quite smooth, non-sticky surfaces like wood and
metal.

Static friction

If a very small force is applied to a block at rest on the ground, it will not move. This
means that the forces on the block are balanced (Newton’s first law): the applied force
is balanced by the static friction.

at rest atrest  _ acceleration

In this case, the friction simply equals the applied force: F; = F,. As the applied force

is increased, the friction will also increase. However, there will be a point when the
friction cannot be any bigger. If the applied force is increased past that point, the block
will start to move; the forces have become unbalanced as illustrated in Figure 19.

The maximum value that friction can have is uF,, where p_is the coefficient of static
friction. The value of static friction is always greater than dynamic friction. This can
easily be demonstrated with a block on an inclined plane as shown in Figure 20.

In the first example, the friction is balancing the component of weight down the
plane, which equals F, sin 6, where @is the angle of the slope. As the angle of the slope
is increased, the point is reached where the static friction = pFy. The forces are still
balanced but the friction cannot get any bigger, so if the angle is increased further, the
forces become unbalanced and the block will start to move. Once the block moves, the
friction becomes dynamic friction. Dynamic friction is less than static friction, so this
results in a bigger resultant force down the slope, causing the block to accelerate.

Friction does not just slow things down; it is also the force that makes things move.
Consider the tire of a car as it starts to drive away from the traffic lights. The rubber of
the tire is trying to move relative to the road. In fact, if there was no friction, the wheel
would spin as the tire slipped backward on the road. The force of friction that opposes
the motion of the tire slipping backward on the road is therefore in the forward
direction.



If the static friction between the tire and the road is not big enough, the tire will slip.
Once this happens, the friction becomes dynamic friction, which is less than static
friction, so once tires start to slip, they tend to continue slipping.

Buoyancy {:t.\ 7
Buoyancy is the name of the force experienced by - [

a body totally or partially immersed in a fluid (a , ' ,
fluid is a liquid or gas). The size of this force is equal

to the weight of fluid displaced. Itis this force that ~ \_ J ]

enables a boat to float and a helium balloon to rise
in the air. Let us consider a football and a bucket A.2 Figure 22 A football immersed in
full of water. a bucket of water.

If you take the football and push it under the water, then water will flow out of the
bucket (luckily a big bowl was placed there to catch it). The weight of this displaced A

water is equal to the upward force on the ball. To keep the ball under water, you would A.2 Figure 23 A football
therefore have to balance that force by pushing the ball down. floats in a bucket of water.

The forces on a floating object are balanced so the weight must equal the buoyant
force. This means that the ball must have displaced its own weight of water as in
Figure 23.

Fy,

E=pV,
where V is the volume of fluid displaced and p is the density of the fluid.

Air resistance

Air resistance is the force that opposes the motion of a body through the air. More
broadly, this is known as fluid resistance or drag. The size of this force depends on
the speed, size, and shape of the body. At low speeds, the drag force experienced by a
sphere is given by Stokes’ law:

Eyq= 6mnpr
where = viscosity (a constant)
v = velocity
r=radius

When a balloon is dropped, it accelerates downward due to the force of gravity. As it
falls through the air, it experiences a drag force opposing its motion. As the balloon’s
velocity gets bigger so does the drag force, until the drag force balances its weight, at

which point its velocity will remain constant (Figure 24). This maximum velocity is
called its terminal velocity.

The same thing happens when a parachutist jumps out of a plane. The terminal
velocity in this case is around 54 m s7! (195 km h™!). Opening the parachute increases A
the drag force, which slows the parachutist down to a safer 10 m s™* for landing. A.2 Figure 24 A balloon

reaches terminal velocity as
the forces becaome balanced.
Notice the buoyant force is
also present.
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As it is mainly the air resistance that limits the top speed of a car, a lot of time and
money is spent by car designers to try to reduce this force. This is particularly
important at high speeds when the drag force is related to the square of the speed.

AFy

A.2 Figure 25 The forces b’

Fy

‘“"I‘.
-

v

Elastic restoring force

Ax An elastic restoring force, Fy, acts when the shape of an object is changed. An object is
stretched when in tension and squashed when in compression. The size of the elastic
restoring force increases with the extension (or compression) from the original length.

A
A.2 Figure 26 Stretchinga

spring.

How does the
application of a restoring
force actingon a

particle result in simple
harmonic motion? (C.1)

Q6. Aball of weight 10N is suspended on a string and pulled to one side by
another horizontal string as shown in Figure 27. If the forces are balanced:

(@) write an equation for the horizontal components of the forces acting on
the ball

(b) write an equation for the vertical components of the forces acting on

the ball
(c) use the second equation to calculate the tension in the upper string, F,

(d) use your answer to (c) plus the first equation to find the horizontal force F.

Q7. The condition for the forces to be balanced is that the

F,
sum of components of the forces in any two N s
A perpendicular components is zero. In the ‘box on a
3[2]:'3::121 ;T?ll T»,l ! ramp’ example, the vertical and horizontal
S ' components were taken. However, it is sometimes 70
more convenient to consider components parallel +50N

and perpendicular to the ramp.
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Consider the situation in the figure. If the forces on this box are balanced:
(a) write an equation for the components of the forces parallel to the ramp
(b) write an equation for the forces perpendicular to the ramp
(c) use your answers to find the friction (F;) and normal force (Fy).

Q8. Arock climber is hanging from a rope attached to the cliff by two bolts as
shown in Figure 28. If the forces are balanced:
(a) write an equation for the vertical component of the forces on the knot
(b) write an equation for the horizontal forces exerted on the knot
(c) calculate the tension F, in the ropes joined to the bolts.

The result of this calculation shows why ropes should not be connected in
this way.

A
The relationship between force and acceleration A.2 Figure 28 The fope is

attached at two bolts.

Newton’s first law states that a body will accelerate if an unbalanced force is applied to |
it. Newton's second law tells us how big the acceleration will be and in which direction. '
Before we look in detail at Newton's second law, we should look at the factors that affect

the acceleration of a body when an unbalanced force is applied. Let us consider the

example of catching a ball. When we catch the ball, we change its velocity, Newton’s first

law tells us that we must therefore apply an unbalanced force to the ball. The size of that

force depends upon two things: the mass and the velocity. A heavy ball is more difficult

to stop than a light one traveling at the same speed, and a fast one is harder to stop than a

slow one. Rather than having to concern ourselves with two quantities, we will introduce

a new quantity that incorporates both mass and velocity: momentum.

Nature of Science

The principle of conservation of momentum is a consequence of Newton’s
laws of motion applied to the collision between two bodies. If this applies to
two isolated bodies, we can generalize that it applies to any number of isolated
bodies. Here we will consider colliding balls but it also applies to collisions
between microscopic particles such as atoms.

Momentum (p)

Momentum is defined as the product of mass and velocity:  p=my

The unit of momentum is kg ms™'. Momentum is a vector quantity.

Impulse

When you get hit by a ball, the effect it has on you is greater if the ball bounces off you
than if you catch it. This is because the change of momentum, Ap, is greater when the
ball bounces, as shown in Figure 29.
The unit of impulse is kgms™.
Impulse, J, is the change in momentum and is equal to the product of force and the
time over which the force is acting. It is a vector.

J= Ap = FAt

41



SPACE, TIME AND MOTION A-2 Forces and momentum

— M o
@ Q
L
@ . :
Bcfore_ After
A

A.2 Figure 29 The change
of momentum of the red ball
s greater.

A.2 Figure 30 A ball gains P
momentum.

If force =
change in momentum

time
then change in
momentum =
force x time.
So the unit of
momentum is N s.
This is the same
as kgms.
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Red ball
momentum before =my
momentum after = —mv (remember momentum is a vector)

change in momentum, ] = -mv — my = =2my

Blue ball
momentum before = my
momentum after=0

change in momentum, ] =0 - mv = —my

Q9. Aball of mass 200g traveling at 10ms™" bounces off a wall as in Figure 29.
If after hitting the wall it travels at 5ms™, what is the impulse?

Q10. Calculate the impulse on a tennis racket that hits a ball of mass 67 g traveling
at 10ms™" so that it comes off the racket at a velocity of 50ms™.

Newton’s second law of motion

The rate of change of momentum of a body is directly proportional to the unbalanced force acting on
that body and takes place in same direction.

Let us once again consider a ball with a constant force acting on it as in Figure 30.

in a v
— —_— > —_ >
F F
time = () time =t
5 ..

Newton’s first law tells us that there must be an unbalanced force acting on the ball
since it is accelerating.

Newton’s second law tells us that the size of the unbalanced force is directly
proportional to the rate of change of momentum. We know that the force is constant
so the rate of change of momentum is also constant, which, since the mass is also
constant, implies that the acceleration is uniform so the suvat equations apply.

If the ball has mass, m we can calculate the change of momentum of the ball.
initial momentum = mu
final momentum = my

change in momentum = mv - mu
my — mu

The time taken is t so the rate of change of momentum = :



- m{v—-u
This is the same as (f) =ma

Newton’s second law states that the rate of change of momentum is proportional to
the force, so F & ma.

To make things simple, the newton is defined so that the constant of proportionality is
equal to 1s0:

F=ma
So when a force is applied to a body in this way, Newton’s second law can be simplified to:
The acceleration of a body is proportional to the force applied and inversely proportional to its mass.

Not all examples are so simple. Consider a jet of water hitting a wall as in Figure 31.
The water hits the wall and loses its momentum, ending up in a puddle on the floor.

Newton’s first law tells us that since the velocity of the water is changing, there must be
a force on the water,

Newton'’s second law tells us that the size of the force is equal to the rate of change
of momentum. The rate of change of momentum in this case is equal to the amount
of water hitting the wall per second multiplied by the change in velocity. This is not
the same as ma. For this reason, it is best to use the first, more general, statement of
Newton's second law, since this can always be applied.

However, in this course, most of the examples will be of the F = ma type.

Example 1: Elevator accelerating upward

An elevator has an upward acceleration of 1 ms 2. If the mass of the elevator is 500kg,
what is the tension in the cables pulling it up?

First draw a free-body diagram as in Figure 32. Now we can see what forces are acting.
Newton's first law tells us that the forces must be unbalanced. Newton's second law
tells us that the unbalanced force must be in the direction of the acceleration (upward).
This means that F, is bigger than mg.

Newton's second law also tells us that the size of the unbalanced force equals ma so we

get the equation:
F,-mg=ma
Rearranging gives:
F,=mg+ma
=500 %10+ 500 = 1
=5500N

A.2 Figure 31 Ajet
becomes a puddie.

v mg

A

A.2 Figure 32 An elevator

accelerating upward. This
could either be going up

getting faster or going down

gelting slower.
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v mg

A.2 Figure 33 The elevator
with downward acceleration.

a

A

A.2 Figure 34 Two masses
are joined by a rope.

600N

A.2 Figure 35 The
parachutist just after opening
the parachute,
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Example 2: Elevator accelerating downward
The same elevator as in Example 1 now has a downward acceleration of 1 ms2asin

Figure 33.

This time, Newton’s laws tell us that the weight is bigger than the tension so:
mg—F, =ma
Rearranging gives:

F.=mg-ma
=500x10-500 %1
=4500N
Example 3: Joined masses
Two masses are joined by a rope. One of the masses sits on a frictionless table, while
the other hangs off the edge as in Figure 34.
M is being dragged to the edge of the table by m.

Both are connected to the same rope so F, is the same for both masses. This also means
that the acceleration ais the same.

We do not need to consider Fy and mg for the mass on the table because these forces
are balanced. However, the horizontally unbalanced force is F,.

Applying Newton’s laws to the mass on the table gives:
F,=ma

The hanging mass is accelerating down so mg is bigger than F,. Newton’s second law
implies that: mg - F, = ma
mg
M+m

Example 4: The free fall parachutist

Substituting for F, gives: mg — ta = maso a =

After falling freely for some time, a free fall parachutist, whose weight is 60kg, opens his
parachute. Suddenly, the force due to air resistance increases to 1200N. What happens?

Looking at the free-body diagram in Figure 35, we can see that the forces are
unbalanced and that, according to Newton's second law, the acceleration, a, will
be upward.

The size of the acceleration is given by:
ma=1200-600=60xa
So: a=10ms

The acceleration is in the opposite direction to the motion. This will cause the
parachutist to slow down. As he slows down, the air resistance gets less until the forces
are balanced. He will then continue down with a constant velocity.
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Q11. The helium in a balloon causes an upthrust of 0.1 N. If the mass of the
balloon and helium is 6 g, calculate the acceleration of the balloon.

Q12. A rope is used to pull a felled tree (mass 50 kg) along the ground. A tension
of 1000N causes the tree to move from rest to a velocity of 0.1 msin 2s.
Calculate the force due to friction acting on the tree. 10kg

Q13. Two masses are arranged on a frictionless table as shown in the figure on the
right. Calculate:

(a) the acceleration of the masses

(b) the tension in the string. &

Q14. A helicopter is lifting a load of mass 1000 kg with a rope. The rope is strong
enough to hold a force of 12kN. What is the maximum upward acceleration
of the helicopter?

Q15. A person of mass 65 kg is standing in an elevator that is accelerating upwards
at0.5ms,
What is the normal force between the floor and the person?

Q16. A plastic ball is held under the water by a child in a swimming pool. The
volume of the ball is 4000 cm’.

(@) If the density of water is 1000kg m™, calculate the buoyant force on the
ball (buoyant force = weight of fluid displaced).
(b) If the mass of the ball is 250, calculate the theoretical acceleration of the

ball when it is released. Why will the ball not accelerate this quickly ina
real situation?
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A

A.2 Figure 36 Apparatus
for finding the relationship
between force and
acceleration.

A.2 Figure 37 Graph of
tension against acceleration.

v
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It is not easy to apply a constant known force to a moving body: just try pulling a cart along
the table with a force meter and you will see: One way this is often done in the laboratory is
by hanging a mass over the edge of the table as shown in Figure 36.

If we ignore any friction in the pulley or in the wheels of the trolley, then the unbalanced
force on the trolley = F.. Since the mass is accelerating down, then the weight is bigger than F,
50 F, = F, = ma where m is the mass hanging on the string. The tension is therefare given by:
F,=mg - ma=mig - a)

There are several ways Lo measure the acceleration of the trolley; one is to use a motion
sensor. This senses the position of the trolley by reflecting an ultrasonic pulse off it. Knowing
the speed of the pulse, the software can calculate the distance between the trolley and
sensor. As the trolley moves away from the sensor, the time taken for the pulse to return
increases; the software calculates the velocity from these changing times. Using this
apparatus, the acceleration of the trolley for different masses was measured, and the results
are given in the Table 1.

A.2 Table 1

Mass/kg = Acceleration/ms-2 Tension Max Min

+0.0001 +0.03 (F,F=mg-ma)/N | FJ/N F/N AF/N
0.0100 0.10 0.097 0.098 | 0.096 | 0.001
0.0500 0.74 0.454 0.453 0.451 0.001
0.0600 0.92 0.533 0.532 | 0.531 | 0.001
0.1000 1.49 0.832 0.830 | 0.828 0.001
0.1500 212 1.154 1.150 | 1.148 | 0.001

The uncertainty in mass is given by the last decimal place in the scale, and the uncertainty in
acceleration by repeating one run several times. To calculate the uncertainty in tension, the
maximum and minimum values have been
calculated by adding and subtracting the
uncertainties.

These results are shown in Figure 37.

Applying Newton's second law to the trolley,

the relationship between F, and a should be

F. = ma where m Is the mass of the trolley. This
implies that the gradient of the line should be m.
From the graph, we can see that the gradient is
0.52 £ 0.02 kg, which is quite close to the 0.5kg
mass of the trolley.

According to theory, the intercept should be (0, 0)
but we can see that there is a positive intercept of
0.05N. It appears that each value is 0.05N too big.
The reason for this could be friction. I there was
friction, then the actual unbalanced force acting
on the trolley would be tension - friction. If this is
the case, then the results would imply that friction
is about 0.05N.

| slope=0546Nm's?
|| w-intercept = 0.0199N

0.1,

slope = 0.501 Nm's*
y-intercept = 0.072N
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Newton'’s third law of motion

When dealing with Newton's first and second laws, we are careful to consider only the
body that is experiencing the forces, not the body that is exerting the forces. Newton's
third law relates these forces.

If body A exerts a force on body B, then body B will exert an equal and opposite force on body A.

So if someone is pushing a car with a force F as shown in Figure 38, the car will
push back on the person with a force —F. In this case, both of these forces are normal to
the car’s surface.

You might think that, since these forces are equal and opposite, they will be balanced,
and, in that case, how does the person get the car moving? This is wrong. The forces act
on different bodies so cannot balance each other.

In summary, a Newton's third law pair is made up of two forces of the same type and
magnitude acting in opposite directions on different bodies.

Example 1: A falling body

A body falls freely toward the ground as in Figure 39. If we ®
ignore air resistance, there is only one force acting on the

body —the force due to the gravitational attraction of the

Earth, which we call weight.

Applying Newton’s third law

If the Earth pulls the body down, then the body must pull

the Earth up with an equal and opposite force. We have seen

that the gravitational force always acts on the center of the

body, so Newton'’s third law implies that there must be a A

force equal to F, acting upward on the center of the Earth P2 Efpaine 20T ERn
as in Figure 40, pulled up by gravity.

Example 2: A box rests on the floor
A box sits on the floor as shown in Figure 41. Let us apply Newton’s third law to this
situation.

There are two forces acting on the box.

Normal force: The floor is pushing up on the box with a force Fy. According to
Newton’s third law, the box must therefore push down on the floor with a force of
magnitude Fy,.

If experimental
measurements contain
uncertainties, how can
laws be developed
based on experimental
evidence? (NOS)

It is very important to
realize that Newton's
third law is about
wo bodies. Avoid
statements of this law
that do not mention
anything about there
being two bodies.

< A.2Figure38 The man

pushes the car and the car
pushes the man.

A
A.2 Figure 39 A falling
body pulled down by gravity.

Fy

Fy

A

A.2 Figure 41 Forces acting
on a box resting on the floor.

47



SPACE, TIME AND MOTION A-2

Students often think
that Newtor's third law
implies that the normal

force = ~weight, but
both of these forces act

on the box. If the box
is at rest, these forces
are indeed equal and
opposite but this is due
to Newton's first law,

A boat tests its water cannons.

| — water

| — string

balance

A.2 Figure 43 Atable

tennis ball attached to a mass

balance.
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Weight: The Earth is pulling the box down with a force F,
According to Newton’s third law, the box must be pulling
the Earth up with a force of magnitude F, as shown in
Figure 42.

Example 3: Recoil of a gun

When a gun is fired, the velocity of the bullet changes.
Newton’s first law implies that there must be an unbalanced
force on the bullet. This force must come from the gun.
Newton’s third law says that if the gun exerts a force on the
bullet, the bullet must exert an equal and opposite force on

the gun. This is the force that makes the gun recoil or
‘kick back'.

Example 4: The water cannon

Forces and momentum

A.2 Figure 42 Forces acting
an the Earth according to
Newton's third law.

When water is sprayed at a wall from a hosepipe, it hits the wall and stops. Newton’s
first law says that if the velocity of the water changes, there must be an unbalanced
force on the water. This force comes from the wall. Newton's third law says that if the
wall exerts a force on the water, then the water will exert a force on the wall. This is the
force that makes a water cannon so effective at dispersing demonstrators.

] =g

T e
'-_-"'11

Q17. Use Newton’s first and third laws to explain the following:

(@ When burning gas is forced downward out of a rocket motor, the rocket

accelerates up.

(b) When the water cannons on the boat in the photo are operating, the boat

accelerates forward.

() When you step forwards off a skateboard, the skateboard accelerates

backward.

(d) A table tennis ball is immersed in a fluid and held down by a string as
shown in Figure 43. The container is placed on a balance. What will
happen to the reading of the balance if the string breaks?



Collisions

In this section, we have been dealing with the interaction between two bodies
(gun-bullet, skater—skateboard, hose-water). To develop our understanding of the
interaction between bodies, let us consider a simple collision between two balls as
illustrated in Figure 44.

U I
Before
m My
During

4!

v

After

Let us apply Newton'’s three laws to this problem.

Newton’s first law

In the collision, the red ball slows down and the blue ball speeds up. Newton’s first law
tells us that this means there is a force acting to the left on the red ball (F,) and to the
right on the blue ball (F,).

Newton’s second law

This law tells us that the force will be equal to the rate of change of momentum of the
balls so if the balls are touching each other for a time At:

my, — mu
"1 14
b &
MV — Myl
= At

Newton'’s third law
According to the third law, if the red ball exerts a force on the blue ball, then the blue
ball will exert an equal and opposite force on the red ball.

Fl — _Fg

MV — myl o —(mayv, = moly)
At At

Myl + mMyly = myvy + myy,

Rearranging gives:

In other words, the momentum at the start equals the momentum at the end.
We find that this applies not only to this example but to all interactions.

< A.2Figure44 Collision
between two balls.

An isolated system

is one in which no
external forces are
acting. When a ball hits
a wall, the momentum
of the ball is not
conserved because the
ball and wall is not an
isofated system, since
the wall is attached

to the ground. If the
ball and wall were
floating in space, then
momeantuim would be
conserved.
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The law of the conservation of momentum

For a system of isolated bodies, the total momentum is always the same.

This is not a new law since it is really just a combination of Newton’s laws. However,
it provides a useful short cut when solving problems.

How are concepts
of equilibrium and
conservation applied to
understand matter and

In many examples, we will have to pretend everything is in space isolated from the

motion from the smallest rest of the Universe, otherwise they are not isolated and the law of conservation of

atom to the whole

momentum will not apply.
Universe? (B3, D.1)

You may have noticed that some collisions enable the bodies to bounce off one
another, while there are other collisions where the bodies stick together. This is

discussed further in A.3 Work, energy and power.

Nature of Science

By applying what we know about motion in a straight line, we can develop a
model for motion in a circle. This is a common way that models are developed
in physics: start simple and add complexity later.

In which way is
conservation of
momentum relevant to
the workings of a nuclear
power station? (E.4)

A

Circular motion
Tibor pealieg Wit P Ifa car travels around a bend at 30kmh™, it is obviously traveling at a constant speed,

A R since the speedometer registers 30kmh™ all the way round. However, it is not traveling
at constant velocity. This is because velocity is a vector quantity, and for a vector
quantity to be constant, both magnitude and direction must remain the same. Bends

physics, we always
measure the angle in
radians.

in a road can be many different shapes, but, to simplify things, we will only consider
circular bends taken at constant speed.

Quantities of circular motion

Consider the body in Figure 45 traveling in a circle radius r, with constant speed .
In time At, the body moves from A to B. As it does this, the radius sweeps out an
angle AG.

When describing motion in a circle, we often use quantities referring to the angular
motion rather than the linear motion. These quantities are:

Time period (T)

A.2 Figure 45 Although The time period is the time taken to complete one circle.
speed is constant, velocity is

changing because direction is The unit of the time period is the second.

changing.

Angular displacement (60)

The angular displacement is the angle swept out by a line joining the body to
the center.

The unit of angular displacement is the radian.
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Angular velocity (o)

The angular velocity is the angle swept out by per unit time.

The unit of angular displacement is the radian s™.
A0
T A
The angle swept out when the body completes a circle is 27 and the time taken is by
definition the time period T so this equation can also be written:

W

2r
= —
T
Frequency (f)
The frequency is the number of complete revolutions per unit time.
_ -k
i ;
So:
©=2nf

Angular velocity and speed

In a time T, the body in Figure 46 completes one full circle so it travels a distance 2zr,
; : ; . distance traveled 2ar s

the circumference of the circle. Speed is defined as the —-—=="—sov = =" In this

time, a line joining the body to the center will sweep out an angle of 2z radians so the

angular velocity, = 2_;: Substituting into the equation for v we get:

V=or

. y . e Why is na work done
Although the speed is constant, when a body moves in a circle, its direction on a body moving along

and velocity are always changing. At any moment in time, the magnitude of the a circular trajectory at
instantaneous velocity is equal to the speed and the direction is perpendicular to the constant speed? (A.3)
radius of the circle. '

Centripetal acceleration

From the definition of acceleration, we know that if the velocity of a body changes,

it must be accelerating, and that the direction of acceleration is in the direction of the
change in velocity. Let us consider a body moving in a circle with a constant speed v.
Figure 46 shows two positions of the body separated by a short time.

To derive the equation for this acceleration, let us consider a very small angular
displacement 80 as represented by Figure 47.

A.2 Figure 46 A body
50 travels at constant speed
Y, around a circle of radius r.

4 A.2 Figure 47 Angular
&y displacement.
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if O is small then 6 =%

A

A.2 Figure 48 A small angle
approximation.

You will not be asked
to repraduce this
derivation in the exam.

92

If this small an{ggular displacement has taken place in a short time &t, then the angular
velocity, w= %‘
change of velocity

time

From the definition of acceleration: a =

If we took only the magnitude of velocity, then the change of velocity would be zero.
However, velocity is a vector so change in velocity is found by taking the final velocity
vector - initial velocity vector as in the vector addition in Figure 48. This triangle is not
a right-angled triangle so cannot be solved using Pythagoras. However, since the angle
80 is small, we can say that the angle 80 in radians is approximately equal to Tv

Rearranging gives: &v =30
ov  voo
acceleration =" = "<
a=vw

But we know that v = or so we can substitute for v and get a = @’

Or substituting for: ®=—

The direction of this acceleration is in the direction of 8v. Now, as the angle 80 is small,
the angle between v and v is approximately 90°, which implies that the acceleration

is perpendicular to the velocity. This makes it directed toward the center of the circle;
hence the name centripetal acceleration.

Q18. A body travels with constant speed of 2ms™! around a circle of radius 5m.
Calculate:
(a) the distance moved in one revolution
(b) the displacement in one revolution
(c) the time taken for one revolution
(d) the frequency of the motion
(e) the angular velocity
(f) the centripetal acceleration.

Centripetal force

From Newton's first law, we know that if a body accelerates, there must be an
unbalanced force acting on it. The second law tells us that this force is in the direction
of the acceleration. This implies that there must be a resultant force acting toward the

center. This force is called the centripetal force.
mv?
From Newton's second law, we can also deduce that F=maso F = T ma?r.

F=mw’r



Examples of circular motion

All bodies moving in a circle must be acted upon by a force toward the center of the
circle. However, this can be provided by many different forces.

Mass on a string in space

If you take a mass on the end of a string, you can
easily make it move in a circle, but the presence
of gravity makes the motion difficult to analyze.
It will be simpler if we start by considering what
this would be like if performed by an astronaut
in deep space: much more difficult to do but
easier to analyze. Figure 49 shows an astronaut
making a mass move in a circle on the end of a
string. The only force acting on the mass is the

tension in the string.

A In this case, it is obvious that the centripetal
A.2 Figure 49 An astronaut playingwith  force is provided by the tension so:

amassona Sl?'i[‘:g. .
my

t ¥

From this, we can predict that the force
required to keep the mass in its circular motion
will increase if the speed increases. This will

be felt by the astronaut who, according to
Newton's third law, must be experiencing an
equal and opposite force on the other end of the
string. If the string were to break, the ball would
have no forces acting on it so would travel at a
constant velocity in the same direction as it was
A moving when the break occurred. This would
be at some tangent to the circle as in Figure 50.

A.2 Figure 50 The string breaks.

Mass on a string on the Earth (horizontal)

When playing with a mass on a string on the Earth, there will be gravity acting as well
as tension. We will first consider how this changes the motion when the mass is made
to travel in a horizontal circle as in Figure 51.

Fy

mg

For the motion to be horizontal, there will be no vertical acceleration so the weight
must be balanced by the vertical component of tension (F, cos 8= mg). This means
that the string cannot be horizontal but will always be at an angle, as shown in
Figure 51. The centripetal force is provided by the horizontal component of tension

. =, x .
(F sin =), which is equal to the vector sum of the two forces.

How can knowledge of
electric and magnetic
forces allow the
prediction of changes to
the motion of charged
particles? (D.2)

In this example,

the astronaut has a
much larger mass
than the ball. If this
was not the case,
the astronaut would
be pulled out of
position by the equal
and opposite force
acting on the other
end of the string.

People often think

that the mass will fly
outward if the string
breaks. This is because
they feel themselves
being forced outward
so think that if the string
breaks, the mass will
move in this direction.
Applying Newton's
laws, we know that this
is not the case. This is
an example of a case
where intuition gives
the wrong answer.

J A.2 Figure 51 A mass
swung in a horizontal circle.
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A.2 Figure 52 A mass
SWUng in a vertical circle,

>

A

Wall of death.

A.2 Figure 53 The wall of
death with a ball rather than
bike.
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Mass on a string on the Earth (vertical)

As a mass moves in a vertical circle, the force of gravity sometimes acts in the same
direction as its motion and sometimes against it. For this reason, it is not possible to
keep it moving at a constant speed, so here we will just consider it when it is at the top
and the bottom of the circle as shown in Figure 52.
. my? _ my?

At the top, the centripetal force = E¢ top) + Mg 80 Fyrop) = — Mg

mv,’ mw,?
At the bOttOITl, v = Ft {bottom) — mg 50 Ft (bottom) = r + mg

When the mass approaches the top of the circle, its kinetic energy is transferred to

potential energy, resulting in aloss of speed. If it were to stop at the top, then it would

fall straight down. The minimum speed necessary for a complete circle is when the

weight of the ball is enough to provide the centripetal force without any tension. So if
my,”

F; iop) = 0, then T‘ = mg.

When you rotate a mass in a vertical circle, you definitely feel the change in the tension
as it decreases toward the top and increases toward the bottom.

The wall of death

In the wall of death, motorbikes and cars travel around the inside of a cylinder with
vertical walls.

In the wall of death shown in Figure 53, the centripetal force is provided by the normal
reaction, Fy. The weight is balanced by the friction between the ball and wall, which is

dependent on the normal reaction F;= pFy. If the velocity is too slow, the normal force
will be small, which means the friction will not be large enough to support the weight.




Car on a circular track

When a car travels around a circular track, the centripetal force is provided by the
friction between the tires and the road. The faster you go, the more friction you

need. The problem is that friction has a maximum value given by F¢= uFy, so if the
centripetal force required is greater than this, the car will not be able to maintain a
circular path. Without friction, for example, on an icy road, the car would travel in a
straight line. This means that you would hit the curb on the outside of the circle, giving
the impression that you have been thrown outward. This is of course not the case since

there is no force acting outward.

Cyclist on a banked track

A banked track is a track that is
angled to make it possible to go
faster around the bends. These are
used in indoor cycle racing. In the
case shown in Figure 55, where the
bike is represented by a ball, the
centripetal force is provided by the
horizontal component of the normal
reaction force, so even without
friction, the ball can travel around
the track. If the track was angled
the other way, then it would have
the opposite effect. This is called an
adverse camber and bends like this
should be taken slowly.

Dynamic friction is

@ less than static friction
50 Once a car starts to
skid oy a corner it will
continue, This is also
why it is not a good
idea to spin the wheels
of a car while going
round a corner.

« A.2Figuresa Acar
rounding a bend.

4 A racing cyclist on a banked
track in a velodrome.

Remember when
solving circular motion
problems, centripetal
force is notan extra
force — it is one of the
existing forces. Your
task is to find which
force (or a component
of it) points toward the
center.

< A.2Figure55 Aballona
banked track.
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Q19. Calculate the centripetal force for a 1000kg car traveling around a circular
track of radius 50 m at 30kmh™".

Q20. A 200g ball is made to travel in a circle of radius 1 m on the end of a string.
If the maximum force that the string can withstand before breaking is 50N,
what is the maximum speed of the ball?

Q21. A rollercoaster is designed with a 5m radius vertical loop. Calculate the
minimum speed necessary to get around the loop without falling down.

Q22. A 200g ball moves in a vertical circle on the end of a 50 cm long string. If its
speed at the bottom is 10ms™, calculate:

(a) the velocity at the top of the circle
(b) the tension at the top of the circle.

Challenge yourself

1. A car of mass 1000kg is driving around a circular track with radius 50 m. If the
coefficient of friction between the tires and road is 0.8, calculate the maximum
speed of the car before it starts to slip. What would the maximum speed be if the
track was banked at 45°?

Guiding Questions revisited

How can we use our knowledge and understanding of the forces acting on a
system to predict changes in translational motion?

How can Newton'’s laws be modeled mathematically?

How can the conservation of momentum be used to predict the behavior of
interacting objects?

In this chapter, we have considered new quantities and accepted laws to describe how:

» Different types of force can be distinguished from one another.

* Forces are vector quantities that can be represented by arrows of appropriate
length and direction on free-body diagrams (in which the forces acting on,
rather than exerted by, a given body are shown).

» Newton’s first law states that an object will remain at constant velocity unless
acted upon by a resultant force.

* Newton'’s second law states that the rate of change of momentum is
proportional to and in the same direction as the resultant force.

* Aresultant force acting at an angle to a body’s velocity leads to a change in
direction and, when the force and velocity are perpendicular, circular motion.

s Linear acceleration and centripetal acceleration are both defined as the rate of
change of velocity, but are calculated using different equations.

» Newton'’s third law states that when body A exerts a force on body B, body B
exerts an equal and opposite force (of the same type) on body A.
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* Momentum, the product of mass and velocity, is conserved in the absence of
external forces, which means that the initial momentum and final momentum
of a system can be equated.

» When objects interact, they exert forces on one another, which means that
momentum is exchanged between them.

* Newton’s second law can be rephrased mathematically as impulse, the product
of force acting and the time of the interaction, which is equal to change in
momentum.

Practice questions

1. (@) Acargoesround acurvein aroad at constant speed. Explain why,
although its speed is constant, it is accelerating. (2)

In the diagram, a marble (small glass sphere) rolls down a track, the bottom
part of which has been bent into a loop. The end A of the track, from which
the marble is released, is at a height of 0.80 m above the ground. Point B is
the lowest point and point C the highest point of the loop. The diameter of
the loop is 0.35m.

ground B

The mass of the marble is 0.050kg. Friction forces and any gain in kinetic
energy due to the rotating of the marble can be ignored. The acceleration
due to gravity, g = 10ms™.

Consider the marble when it is at point C.

(b) (i) Copy the diagram and on the diagram, draw an arrow to show

the direction of the resultant force acting on the marble. (1)

(if) State the names of the two forces acting on the marble. (2)

(iif) Deduce that the speed of the marble is 3.0 ms™. (3)
(iv) Determine the resultant force acting on the marble and hence

determine the reaction force of the track on the marble. (4)

(Total 12 marks)
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2,

(a) Define what is meant by coefficient of friction.
The diagram shows a particular ride at a funfair (sometimes called
‘the fly’) that involves a spinning circular room. When it is spinning
fast enough, a person in the room feels ‘stuck’ to the wall. The floor is
lowered and they remain held in place on the wall. Friction prevents
the person from falling.

(b) (i) Explain whether the friction acting on the person is static,
dynamic, or a combination of both.

The diagram below shows a cross section of the ride when the floor has
been lowered.

(ii) Copy the diagram and, on your diagram, draw labeled arrows to
represent the forces acting on the person.

(c) Use the data given below:
mass of person = 80 kg
coefficient of friction between the person and the wall = 0.40
radius of circular room = 6.0 m
Calculate each of the following:

(i) the magnitude of the minimum resultant horizontal force on
the person

(i) the minimum speed of the wall for a person to be ‘stuck’ to it.

(2)

(3)

)
(2)

(Total 10 marks)



3.

A 10 000kg cubic rock (a boulder) rests on the side of a mountain as shown
in the diagram below.

]
=l

900 m

(a) Calculate the frictional force acting on the rock. (3)

(b) Aftera prolonged period of rain, the rock starts to slide down the
slope. Show that this will happen when the coefficient of friction
between the rock and the slope is equal to 0.33. 3)

(c) Once the block starts to slide, the coefficient of friction is reduced to
0.2. Calculate:

(i) the acceleration of the rock (2)
(if) the speed of the rock when it reaches the bottom of the hill. 2)

(d) The rock then slides along the flat section of ground. Assuming there
is no change in the coefficient of friction calculate:

(i) the frictional force on the rock (1)
(i) the distance traveled by the rock. 2)
(Total 13 marks)

A student investigates the forces involved in holding a climbing rope by
standing on bathroom scales while holding a rope as shown in the diagram.

(a) If both students have mass 60kg, calculate:

(i) the tension in the rope (1)
(if) the reading on the scales (2)
(iii) the friction between the rope holder’s feet and the scales. 2

(b) Explain why the rope-holding student should lower the hanging
student smoothly. 2
(Total 7 marks)
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sand

detlector

60

Sand flows out of a container at a rate of 5kg s™! and falls a vertical distance
of 1 m, where it is deflected into the back of a truck by a deflector placed at
an angle of 45°.

(a) Calculate:

(i) the velocity of the sand as it hits the deflector (1)
(ii) the horizontal velocity of the sand after hitting the deflector (1)
(iii) the force exerted by the sand on the deflector. (3)

(b) The sand stops when it hits the back of the truck.

(i) Explain why there must be a frictional force between the tires

and the road. (3)
(ii) Calculate the force of friction between the truck and the ground.  (2)
(Total 10 marks)

Two forces act on an object in different directions. The magnitudes of
the forces are 18 Nand 27 N. The mass of the object is 9.0kg. What is
a possible value for the acceleration of the object?

A Oms™ B 0.5ms? C 20ms* D 6.0ms™
(Total 1 mark)
An object of mass m strikes a vertical wall horizontally at speed U.

The object rebounds from the wall horizontally at speed V. What is the
magnitude of the change in the momentum of the object?

A 0 B m(V-U) C mU-V) D mU+V)
(Total 1 mark)

A sphere is suspended from the end of a string and rotates in a horizontal
circle as shown on the left. Which free-body diagram, to the correct scale,
shows the forces acting on the sphere?

r o9
NN

(Total 1 mark)



9. A company delivers packages to customers using a small unmanned
aircraft. Rotating horizontal blades exert a force on the surrounding air.
The air above the aircraft is initially stationary.

10.

The air is propelled vertically downward with speed v. The aircraft hovers
motionless above the ground. A package is suspended from the aircraft

on a string. The mass of the aircraft is 0.95 kg and the combined mass of
the package and string is 0.45 kg. The mass of air pushed downward by the

blades in one second is 1.7 kg.

(a)
(b)

State the value of the resultant force on the aircraft when hovering. (1)
Outline, by reference to Newton's third law, how the upward lift force

on the aircraft is achieved. (2)
Determine v. State your answer to an appropriate number of

significant figures. (3)
The package and string are now released and fall to the ground. The

lift force on the aircraft remains unchanged. Calculate the initial
acceleration of the aircraft. (2)

(Total 8 marks)

The Rotor is an amusement park ride that can be modeled as a vertical

cylinder of inner radius R rotating about its axis. When the cylinder rotates
fast enough, the floor drops out and the passengers stay motionless against
the inner surface of the cylinder. The diagram on the right shows a person
taking the Rotor ride. The floor of the Rotor has been lowered away from

the person.

(@)
®)

Draw and label the free-body diagram for the person. (2)

The person must not slide down the wall. Show that the minimum
angular velocity of the cylinder for this situation is:

8

a= 'tLR
where y is the coefficient of static friction between the person and the
cylinder. (2)

The coefficient of static friction between the person and the cylinder

is 0.40. The radius of the cylinder is 3.5 m. The cylinder makes 28
revolutions per minute. Deduce whether the person will slide down

the inner surface of the cylinder. (3)

(Total 7 marks)

——aircraft
— package

P T T e ground

1axis of rotation
— 1

ey i
—

e
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62

11.

12,

13.

A boulder is many times heavier than a pebble; that is, the gravitational
force that acts on a boulder is many times that which acts on the pebble.
If you drop a boulder and a pebble at the same time, they will fall together
with equal accelerations (neglecting air resistance). The principal reason
the heavier boulder does not accelerate more than the pebble has to do
with what?

A Energy B Weight C Mass

D Surface area E none of these

(Total 1 mark)

The force exerted on a house by a 120 mph hurricane wind is how many
times as strong as the force exerted on the same house by a 60 mph gale wind?

A Equally B Two times C Threetimes D Fourtimes
(Total 1 mark)

Two buckets hang from a rope over a frictionless pulley. The bucket on the
right has a mass m,, which is greater than the mass of the bucket on the left
m,. Bucket 2 starts at height h above the ground. If the buckets are released

from rest, determine:

(a) the speed with which bucket 2 hits the ground in terms of m, m,, h,
and the acceleration due to gravity g (2)

(b) the further increase in height of bucket 1 after bucket 2 hits the ground
and stops. (2)

Ignore resistive effects and assume the rope is long compared to the height
above the ground.

(Total 4 marks)
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<« A Rube Goldberg machine starts with a small action (like the pressing of a button or the knocking
over of a domino tile) that sets off a chain reaction of different events, which continues for an
B extended time. Objects that are stretched, at a height, or moving, combine - often with entertaining
consequences (as seen in films, music videos, advertisements and social media).

g Questions

How are concepts of work, energy and power used to predict changes within
a system?

How can a consideration of energetics be used as a method to solve problems
in kinematics?

How can transfer of energy be used to do work?

Ifbody A pushes body B, body B may start to move. This movement might cause body
B to hit body C, after which, body C moves toward body D (you get the idea). The
‘ability to push’ seems to be passed on from one object to another. We call this energy,
and the fact that it is conserved can lead to a simple way of solving problems that
bypasses all the complications of forces and motion.

For example, when calculating the final velocity of a box pushed up a slope by a
constant force, we need to find the component of force up the slope, use that to find
acceleration, and then apply the suvat equations to calculate final velocity. Or, using
conservation of energy, we can state that the gain in potential energy and kinetic
energy is equal to the work done.

It is the same when we study gases. It is much easier to understand how work done on
a gas increases its temperature than to model the motion of each molecule.

Students should understand:

the principle of the conservation of energy

work done by a force is equivalent to a transfer of energy

energy transfers can be represented on a Sankey diagram

work W done on a body by a constant force depends on the component of the force along the
line of displacement as given by W = Fs cos @

work done by the resultant force on a system is equal to the change in the energy of the system

mechanical energy is the sum of kinetic energy, gravitational potential energy and elastic
potential energy

in the absence of frictional, resistive forces, the total mechanical energy of a system is
conserved

if mechanical energy is conserved, work is the amount of energy transformed between
different forms of mechanical energy in a system, such as:

2

p— " ’ y | r
+ thekinetic energy of translational motion as given by £, =5mv*=3

* the gravitational potential energy, when close to the surface of the Earth, as given by:
AEp =mglAh

+ the elastic potential energy as given by £, = %kﬁ\ x*
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. - » _E_,.
power P is the rate of work done, or the rate of energy transfer, as given by P == Fy

st oustput

efficiency # in terms of energy transfer or power as givenby n=—7——=

iriput ot

energy density of the fuel sources.

Nature of Science

Scientists should remain skeptical but that does not mean you have to doubt
everything you read. The law of conservation of energy is supported by many
experiments and is the basis of countless predictions that turn out to be true.
If someone now found that energy was not conserved, there would be a lot

of explaining to do. Once a law is accepted, it gives us an easy way to make
predictions. For example, if you are shown a device that produces energy from
nowhere, you know it must be a fake without even finding out how it works
because it violates the law of conservation of energy.

In A.1 and A.2, we dealt with the motion of a small red ball and now understand what
causes acceleration. We have also investigated the interaction between a red ball and

a blue one and have seen that the red one can cause the blue one to move when they
collide. But what enables the red one to push the blue one? To answer this question, we
need to define some more quantities.

Work

In the introduction to this book, it was stated that by developing models, our aim is
to understand the physical world so that we can make predictions. At this point, you
should understand certain concepts related to the collision between two balls, but we
still cannot predict the outcome. To illustrate this point, let us again consider the red
and blue balls. Figure 1 shows three possible outcomes of the collision.

If we apply the law of conservation of momentum, we realize that all three outcomes

are possible. The original momentum is 10 Ns and the final momentum is 10 N's in all b, Sms’ Sms~!_
three cases. But which one actually happens? This we cannot say (yet). All we know is ' - W
that from experience the last option is not possible — but why? | o O
When body A hits body B, body A exerts a force on body B. This force causes B to have | i p—
ms ms
an increase in velocity. The amount that the velocity increases depends on how big the c. <€ >
force is and over what distance the collision takes place. To make this simpler, consider
a constant force acting on two blocks as in Figure 2.
F F A
— —> A.3 Figure 1 The red ball
hits the blue ball but what
happens?
F F
> > <« A.3Figure2 The force acts
L on the orange block for a

greater distance.
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Both blocks start at rest and are pulled by the same force, but the orange block will
gain more velocity because the force acts over a longer distance. To quantify this
difference, we say that in the case of the arange block, the force has done more work.
Work is done when the point of application of a force moves in the direction of the
force.

Work is defined in the following way:
work done = force x distance moved in the direction of the force
The unit of work is the newton meter (N m), which is the same as the joule (J).

Work is a scalar quantity.

How do traveling waves Worked example
allow for a transfer
of energy without a A tractor pulls a felled tree along the ground

resultant displacement of

for a distance of 200 m. If the tractor exerts a
matter? (C2, AT)

force of 5000 N, how much work will be done?

Solution
work done = force x distance moved in direction of force

work done = 5000 x 200 = 1 M

Worked example

A force of 10N is applied 10N 10N
to a block, pulling it

50 m along the ground as
shown. How much work is
done by the force?

- 50m =

Solution

In this example, the force is not in the same direction as the movement. However,
the horizontal component of the force is 10 x cos 30°.

work done = 10 x cos 30° x 50 =433 N
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Worked example

‘When a car brakes, it slows down due to the friction force between the tires

and the road. This force opposes the motion as shown. If the friction force is a
constant 500 N and the car comes to rest in 25 m, how much work is done by the
friction force?

Solution

This time, the force is in the opposite direction to the motion.
work done = =500 x 25 =-12500]

The negative sign tells us that the car’s kinetic energy is decreasing. The internal energy
of the brake disks has increased; positive work has been done on them by friction.

Worked example

The woman in the figure walks along with a constant
velocity holding a suitcase.
How much work is done by the force holding the case?

Solution
In this example, the force is acting perpendicular to the direction of motion, so

there is no movement in the direction of the force.

work done = zero

General formula

In general:
work = Fcos 0 % As

where 01is the angle between the displacement, As, and force, F3.

F F

It may seern strange

that when you carry a
heavy bag you are not
doing any work - that

is not what it feels like.
In reality, lots of work

is being done, since to
hold the bag you use
your muscles. Muscles
are made of microscopic
fibers, which are
continuously contracting
and relaxing, so are
doing work.
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force A

-

«—— Ax —> distance

A

A.3 Figure 3 Force vs
distance for a constant force,

force A

F“_ """"""

>
—— Ax—>» extension

A

A.3 Figure 4 Force vs
extension for a spring.
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All the previous examples can be solved using this formula.
If 0<90°, cos Bis positive so the work is positive.
If0=90°, cos 0= 0so the work is zero.

If 0> 90°, cos Ois negative so the work is negative.

Q1. The figure shows a boy taking a dog for a walk.
(a) Calculate the work done by the force shown when the dog moves
10m forward.
(b) Who is doing the work?

Q2. A bird weighing 200g sits on a tree branch. How much work does the bird do
on the tree?

Q3. Asaboxslides along the floor, it is slowed down by a constant force due to
friction. If this force is 150N and the box slides for 2m, how much work is
done against the frictional force?

Graphical method for determining work done

Let us consider a constant force acting in the direction of movement pulling a body
a distance Ax. The graph of force against distance for this example is as shown in
Figure 3. From the definition of work, we know that work done = FAx, which in this
case is the area under the graph. From this we can deduce that:

work done = area under force vs distance graph

Work done by a varying force

Stretching a spring is a common example of a varying force. When you stretch a
spring, it gets more and more difficult the longer it gets. Within certain limits, the force
needed to stretch the spring is directly proportional to the extension of the spring:

Fyy = kx. This was first recognized by Robert Hooke in 1676, so is named Hooke'’s law.
If we add different weights to a spring, the more weight we add, the longer it gets. If we
draw a graph of force against distance as we stretch a spring, it will look like the graph

F
in Figure 4. The gradient of this line, —}; is called the spring constant, k.

The work done as the spring is stretched is found by calculating the area under the

graph:

1 . 1
area = ybase x height = SFyAx

So: work done = %FHAX
Butif LT
utif: Ay then F,; = RAx



Substituting for Fy, gives:
work done = %ksz

This is equal to the elastic potential energy, Ey

Q4. A spring of spring constant 2Ncm™ and length 6 cm is stretched to a new
length of 8cm.

(a) How far has the spring been stretched?

(b) What force will be needed to hold the spring at this length?

(c) Sketch a graph of force against extension for this spring.

(d) Calculate the work done in stretching the spring.

(e) The spring is now stretched a further 2cm. Draw a line on your graph to
represent this and calculate how much additional work has been done.

Q5. Calculate the work done by the force represented by the figure on the right.

Energy

We have seen that it is sometimes possible for body A to do work on body B, but what
does A have that enables it to do work on B? To answer this question, we must define a
new quantity: energy.

Energy is the quantity that enables body A to do work on body B.

If body A collides with body B as shown in Figure 5, body A has done work on body B.
This means that body B can now do work on body C. Energy has been transferred from
AtoB.

When body A does work on body B, energy is transferred from body A to body B.
The unit of energy is the joule (J). Energy is a scalar quantity.

Different types of energy

If a body can do work, then it has energy. There are two ways that a simple body such
as a red ball can do work. In the example above, body A could do work because it

was moving — this is called kinetic energy. Figure 6 shows an example where A can
do work even though it is not moving. In this example, body A is able to do work on
body B because of its position above the Earth. If the hand is removed, body A will be
pulled downward by the force of gravity, and the string attached to it will then drag
body B along the table. If a body is able to do work because of its position, we say it has
potential energy.

force A
00 4---------

2004

1004

| ....5.....1.0.
distance (m)

00 ©

before A hits B

© ©6

after A hits B

A
A.3 Figure 5 The red ball
gives energy to the blue ball.

A.3 Figure 6 A has
potential energy that could
become kinetic energy.
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If we say a body has
potential energy, it
sounds as though it
has the potential to do
wark. This is true, but
a body that is moving
has the potential to do
work too. This can lead
to misunderstanding. It
might have been better
to call it positional
erergy.

A.3 Figure 7 A ball gains

kinetic energy.

In this section, we only
deal with examples of
potential energy due to
a body’s position close
to the Earth. However,
there are other positions
that will enable a body
to do work (for example,
in an electric field).
These will be introduced
after the concept

of fields has been

introduced.

Why is the equation
for the change in
gravitational potential
energy only relevant
close to the surface of
the Earth, and what
happens when moving
further away from the
surface? (D.1)

How is Kirchhoff's law
a consequence of the
law of conservation of

energy? (B.5)
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Work, energy and power

Kinetic energy (E,)

This is the energy a body has due to its movement. To give a body kinetic energy, work
must be done on the body. The amount of work done will be equal to the increase in
kinetic energy. If a constant force acts on a red ball of mass m as shown in Figure 7,
then the work done is Fs.

a v
— —_
F F
time = () time =1t

{ >

From Newton's second law, we know that F = ma, which we can substitute in work = Fs
to give work = mas.

We also know that since acceleration is constant, we can use the suvat equation

v? = u” + 2as, which since u = 0 simplifies to v* = 2as.
pt
. . * - O — l 2
Rearranging this gives: as = 5 S0 work =smv

This work has increased the kinetic energy of the body so we can deduce that:
E = % my?

Gravitational potential energy (E,)

This is the energy a body has due to its position above the Earth.

For a body to have potential energy, it must have at some time been lifted to that
position. The amount of work done in lifting it equals the potential energy. Taking the
example shown in Figure 9, the work done in lifting the mass, m, to a height his mgh
(this assumes that the body is moving at a constant velocity so the lifting force and
weight are balanced).

If work is done on the body then energy is transferred so:
gain in E, = mgh

The law of conservation of energy

We could not have derived the equations for kinetic energy or potential energy without
assuming that the work done is the same as the gain in energy. The law of conservation
of energy is a formal statement of this fact.

Energy can neither be created nor destroyed; it can only be transferred from one store to another.

This law is one of the most important laws that we use in physics. If it were not true,
you could suddenly find yourself at the top of the stairs without having done any work
in climbing them, or a car suddenly has a speed of 200kmh~! without anyone touching
the accelerator pedal. These things just do not happen, so the laws we use to describe
the physical world should reflect that.



Looping the loop

When looping the loop on a rollercoaster, the situation is very similar to the vertical

circle example, except that the tension is replaced by the normal reaction force. This
. P mv,

also gives a minimum speed at the top of the loop when —-=

o

Y

A

A.3 Figure 8 Looping the loop.
Applying the law of conservation of energy to the car in Figure 8, if no energy is lost,
then the E; at the top of the hill = E, + E; at the top of the loop.

2
The minimum speed to complete the loop is mg = % so at the top of the loop:

L=l
2 2mer

The height of the car at the top of the loop is 2r so E, = mgh = mg2r.

So E, at top of slope = 2mgr + %mgr = 2.5mgr, which means the height of the slope = 2.5r.
In any real situation, there will be energy lost due to work done against friction and air
resistance so the slope will have to be a bit higher.

Worked example

A ball of mass 200g is thrown vertically upward with a - o
velocity of 2ms™! as shown in the figure. Use the law of '
conservation of energy to calculate its maximum height.

Solution

At the start of its motion, the body has kinetic energy. This enables the body to do
work against gravity as the ball travels upward. When the ball reaches the top, all
the kinetic energy has been transferred to potential energy. So applying the law of
conservation of energy:

loss of Ey = gainin E,

3§
5 my? =mgh
v 2
So: h=2—g=2x10=0.2m

This is exactly the same answer you would get by calculating the acceleration from
F = ma and using the suvat equations.

if the ride is propelled by
gravity, then the designer
must make sure that the car
has this minimum speed
when it reaches the top.

/1
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Worked example

A block slides down the frictionless ‘
ramp shown in the figure. Use the law of ' T
conservation of energy to find its speed when &~

Sm
it gets to the bottom. ‘ l

Solution

This time the body loses potential energy and gains kinetic energy so applying the
law of conservation of energy:

loss of E, = gain of E;
mgh = %mv2

So: v=J2gh=[2x10x5)=10ms"

Again, this is a much simpler way of getting the answer than using components of
the forces.

Use the law of conservation of energy to solve the following:

Q6. A stone of mass 500g is thrown off the top of a cliff with a speed of 5ms". If
the cliff is 50 m high, what is its speed just before it hits the ground?

In this example, the Q7. Aball of mass 250g is dropped 5m onto a spring O

spring is compressed as shown in the figure on the right.
not stretched, but
Hoaoke's law still
applies.

(@) How much kinetic energy will the ball have

when it hits the spring? S
m

(b) How much work will be done as the spring is
compressed?

(c) If the spring constant is 250kN m™!, calculate

how far the spring will be compressed. v % lm

Q8. Aball of mass 100g is hit vertically upward with a bat. The bat exerts a
constant force of 15N on the ball and is in contact with it for a distance of 5¢cm.

(@) How much work does the bat do on the ball?
(b) How high will the ball go?

Q9. A child pushes a toy car of mass 200g up a slope. The car has a speed of
2ms ! at the bottom of the slope.

(a) How high up the slope will the car go?
(b) If the speed of the car were doubled, how high would it go now?
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Stores of energy

When we are describing the motion of simple red balls, there are only two stores of
energy, kinetic energy and potential energy. However, when we start to look at more
complicated systems, we discover that we can do work using a variety of different
machines, such as petrol engine, electric engine, etc. To do work, these machines must
be given energy and this can come from many stores, for example:

» petrol * solar * gas * nuclear * electricity

All of these (except solar) are related to either the kinetic energy or potential energy
of particles.

Fuels

A petrol car gets its energy from petrol, which is mixed with air in the engine and
ignited by a spark, causing it to explode. The explosion pushes up a piston that turns
a crank, which converts the linear motion of the piston into rotation of the wheels.
Petrol is an example of a fuel — a chemical that can be burned to produce heat, which
can be used to enable an engine to do work.

Different fuels contain different amounts of energy. Physicists compare the energy
contents of fuels in terms of the energy per unit volume (energy density).

Fuel Energy density/MJ L™
Coal 72
- Crude oil | 37
Diesel 36
Sugar 26
| Vegetable oil 30
- Wood | 3

A.3 Table 1

During the process of burning and moving parts of the engine, some energy is lost.
The flow of energy can be represented on a Sankey diagram. The width of an arrow
represents the amount of that type of energy and, because the total width of all output
arrows is equal to the input width, conservation of energy is displayed.

energy to customers

energy used in transmission

energy used in power station

thermal energy loss in power station

Where do the laws of
conservation apply in
other areas of physics?
(NOS)

How is the equilibrium
state of a system, such as
the Earth’s atmosphere
or a star, determined?
(B.2, E5)

<« A3Figure9 ASankey
| diagram for a coal-fired
power station.
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A.3 Figure 10 The forces
acting on a car traveling at
constant velocity.

F

Fy

A.3 Figure 11 The forces
on a car traveling at high
speed with the foot off the
accelerator pedal.

If you go over a hump
back bridge 100
quickly, your car might
leave the surface of the
road, This is because
the force needed to
keep you moving in‘a
circle is more than the
weight of the car.
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Energy transfer

Taking the example of a petrol engine, the energy stored in the petrol is transferred to
mechanical energy of the car by the engine. 1 liter of petrol contains 36 M] of energy.
Let us calculate how far a car could travel at a constant 36kmh ™" on 1 liter of fuel; that
is pretty slow but 36 kmh™"is 10ms™ so it will make the calculation easier.

The reason a car needs to use energy when traveling at a constant speed is because

of air resistance. If we look at the forces acting on the car, we see that there must be a
constant forward force (provided by the friction between tires and road) to balance the
air resistance or drag force.

So work is done against the drag force, and the energy to do this work comes from the
petrol. The amount of work done = force x distance traveled. So to calculate the work
done, we need to know the drag force on a car traveling at 36kmh™. One way to do
this would be to drive along a flat road at a constant 36km h™ and then take your foot
off the accelerator pedal. The car would then slow down because of the unbalanced
drag force.

This force will get less as the car slows down but here we will assume it is constant.
From Newton’s second law, we know that F = ma, so if we can measure how fast the
car slows down, we can calculate the force. This will depend on the make of car but to
reduce the speed by 1 ms™ (about 4 km h™!) would take about 2s. Now we can do the
calculation:
(v-u) (9-10)
)
drag force = ma = 1000 x -0.5 = -500N

acceleration of car = =-0.5ms>?

So to keep the car moving at a constant velocity, this force would need to be balanced
by an equal and opposite force, F = 500 N.
work done

Work done = force x distance so the distance traveled by the car = frce

So if all of the energy in 1 liter of fuel is converted to work, the car will move a
; 36 x 10° ;

distance = —-— = 72km. Note that if you reduce the drag force on the car, you

increase the distance it can travel on 1 liter of fuel.

Circular motion and work

In the previous chapter (A.2), we learned that for an object to move in a circle, a
centripetal force (resultant force perpendicular to velocity) was required. An alternative
way of deducing that the force acts toward the center is to consider the energy. When
abody moves in a circle with constant speed, it will have constant kinetic energy. This
means that no work is being done on the mass. But we also know that since the velocity
is changing, there must be a force acting on the body. This force cannot be acting in the
direction of motion, since if it was, then work would be done and the kinetic energy
would increase. We can therefore deduce that the force must be perpendicular to the
direction of motion; in other words, toward the center of the circle.



Efficiency

A very efficient road car driven carefully would not be able to drive much further

than 20 km on 1 liter of fuel so energy must be lost somewhere. One place where the
energy is lost is in doing work against the friction that exists between the moving parts
of the engine. Using oil and grease will reduce this but it can never be eliminated. The
efficiency of an engine is defined by the equation:

useful work out

total energy in

efficiency =
Soifa car travels 20 km at a speed of 10ms™, the useful work done by the engine:

= force x distance = 500 x 20000 = 10 M]

10
The total energy put in = 36 MJ so the efficiency = 3= 0-28.
Efficiency is often expressed as a percentage so this would be 28%.

Where does all the energy go?

In this example, we calculated the energy required to move a car along a flat road. The
car was traveling at a constant speed so there was no increase in kinetic energy and the
road was flat so there was no increase in potential energy. We know that energy cannot
be created or destroyed so where has the energy gone? The answer is that it has been
transferred to the particles that make up the air and car.

Q10. A 45% efficient machine lifts 100kg through 2m.
(@) How much work is done by the machine?
(b) How much energy is used by the machine?

Q11. A 1000 kg car accelerates uniformly from rest to 100kmh".

(a) Ignoring air resistance and friction, calculate how much work was done
by the car’s engine.

(b) If the car is 60% efficient, how much energy in the form of fuel was given
to the engine?

(c) Ifthe fuel contains 36 MJ per liter, how many liters of fuel were used?

Energy and collisions

One of the reasons that we brought up the concept of energy was related to the
collision between two balls as shown in Figure 12. We now know that if no energy is
lost when the balls collide, then the kinetic energy before the collision = kinetic energy
after. This enables us to calculate the velocity afterwards and the only solution in this
example is quite a simple one. The red ball transfers all its kinetic energy to the blue
one, so the red one stops and the blue one continues, with velocity = 10ms™. If the
balls become squashed, then some work needs to be done to squash them. In this case,
not all the kinetic energy is transferred, and we can only calculate the outcome if we
know how much energy is used in squashing the balls.

There has been a lot of
research into making
cars more efficient so
that they use less fuel.
|s this to save energy or
money?

A.3 Figure 12 The red ball
gives energy to the blue ball

Vi3
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A.3 Figure 13 Collision
between two identical balls.

A.3 Figure 14 A possible
elastic collision.
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Elastic collisions

An elastic collision is a collision in which both momentum and kinetic energy
are conserved.

Example: two balls with equal mass

Two balls with equal mass m collide as shown in Figure 13. As you can see, the red ball
is traveling faster than the blue one before and slower after. If the collision is perfectly
elastic, then we can show that the velocities of the balls simply swap so u, =v,and

Uy = V.

uy

@

If the collision is elastic, then momentum and kinetic energy are both conserved. If we
consider these one at a time we get:

before after

Conservation of momentum:
momentum before = momentum after
My + My = My, +my,
Uy tu,=v v,
Conservation of kinetic energy:
E, before = E, after
1

1
5 muy® + 5 muy?

e |

1
2 2
Sy S+ S my,

2

u|2+u22 =V12 +v22

So we can see that the velocities are such that both their sums are equal and the squares
of their sums are equal. This is only true if the velocities swap, as in Figure 14.

S5ms! 4ms! 4ms! S5ms!
— >

@ @

before after

Collision in two-dimensions between two identical balls

Anyone who has ever played pool or snooker will know that balls do not always collide
in line; they travel at angles to each other. Figure 15 shows a possible collision.



u 9
@ &

before
In this case, the blue ball is stationary so applying the conservation laws we get slightly
simpler equations:

v

after

-

u =F| +¥2
32=T.F'12+I:22

Note the vector notation to remind us that we are dealing with vectors. The first
equation means that the sum of the velocity vectors after the collision gives the
velocity before. This can be represented by the triangle of vectors in Figure 16.

The second equation tells us that the sum of the squares of two sides of this triangle = the
square of the other side. This is Pythagoras’ theorem, which is only true for right-angled
triangles. So after an elastic collision between two identical balls, the two balls will
always travel away at right angles (unless the collision is perfectly head-on). This of
course does not apply to balls rolling on a pool table since they are not isolated.

Inelastic collisions

There are many outcomes of an inelastic collision but here we will only consider the
case when the two bodies stick together (coalesce). We call this a totally inelastic
collision.

Example

When considering the conservation of momentum in collisions, we used the example
shown in Figure 17. How much work was done to squash the balls in this example?

Ims!

6ms’

before after

According to the law of conservation of energy, the work done squashing the balls is
equal to the loss in kinetic energy.

E, loss = E, before — E, after =%>< 0.1 x 62—% x (0.6 x 12
E loss=1.8-0.3=1.5]

So: work done = 1.5 ]

< A3Figure15 Atwo-
dimensional collision.

A

A.3 Figure 16 Adding the
velocity vectors.

Pool balls may not
collide like perfectly
elastic isolated spheres
but, if the table is
included, their motion
can be accurately
modeled, enabling
scientists to calculate
the correct direction
and speed for the
perfect shot. Taking
that shot is another
matter entirely.

Why is the internal
energy of an ideal gas
equal to the sum of the
kinetic energies but not
the potential energies?
(83)

A.3 Figure 17 An inelastic
collision.

How do collisions
between charge carriers
and the atomic cores

of a conductor result in
thermal energy transfer?
(B.5, B.1)
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A.3 Figure 18 An explosion. ’

The result of this
example is very
important; we

will use it when
dealing with nuclear
decay later on. So
remember, when a
body explodes into
two unequal bits,
the small bit gets

most energy.
10ms~ 15ms™
> <
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Work, energy and power

Explosions

Explosions can never be elastic since, without doing work, the parts that fly off after
the explosion would not have any kinetic energy and would therefore not be moving.
The energy to initiate an explosion often comes from the chemical energy contained in
the explosive.

Example

Consider an exploding ball (shown in Figure 18). How much energy was supplied to
the ball by the explosive?

25ms’! Sms™
< .

Cd

before after

According to the law of conservation of energy, the energy from the explosive equals
the gain in kinetic energy of the ball.

E, gain = E, after — E, before

E gain = (% 0.02 % 257 + 2% 0.1 x 52) ~0=6.25+125=7.5]

Exercise

Q12. Two balls are held together by a spring as shown
in the figure. The spring has a spring constant of
10N cm ! and has been compressed a distance 5 cm.

(@ How much work was done to compress the spring?
(b) How much kinetic energy will each gain?
() If each ball has a mass of 10g, calculate the velocity of each ball.

Q13. Two pieces of modeling clay as shown in the figure collide and stick together.
(@) Calculate the velocity of the lump after the collision.
(b) How much kinetic energy is lost during the collision?

Q14. A red ball traveling at 10ms™ to the right collides with a blue ball with the
same mass traveling at 15ms™ to the left. If the collision is elastic, what are
the velocities of the balls after the collision?

Challenge yourself

1. A 200g red ball traveling at 6 ms™ collides with a 500g blue ball at rest, such
that after the collision the red ball travels at 4ms™ at an angle of 45° to its
original direction. Calculate the speed of the blue ball.



Power

We know that to do work requires energy, but work can be done quickly or it can be
done slowly. This does not alter the energy transferred but the situations are certainly
different. For example, we know that to lift one thousand 1kg bags of sugar from the
floor to the table is not an impossible task — we can simply lift them one by one. It will
take a long time but we would manage it in the end. However, if we were asked to do
the same task in 5 seconds, we would either have to lift all 1000 kg at the same time

or move each bag in 0.005 s; both of which are impossible. Power is the quantity that
distinguishes between these two tasks.

Power is defined as:
power = work done per unit time

The unit of power is the | s which is the same as the watt (W). Power is a scalar quantity.

Example 1: The powerful car

We often use the term power to describe cars. A powerful car is one that can accelerate
from 0to 100kmh™" in a very short time. When a car accelerates, energy is being
transferred from the chemical energy in the fuel to kinetic energy. To have a big
acceleration, the car must gain kinetic energy in a short time; hence be powerful.

Example 2: Power lifter

A power lifter is someone who can lift heavy weights, so should we not say they are
strong people rather than powerful? A power lifter certainly is a strong person (if they
are good at it) but they are also powerful. This is because they can lift a big weightina
short time.

Worked example

A car of mass 1000 kg accelerates from rest to 100kmh™" in 5 seconds. What is the
average power of the car?

Solution

100kmh*'=28ms!
gain in kinetic energy of the car = %mw2 =% x 1000 x 28 = 392k]
If the car does this in 55, then:

work done 392

power=—/. ——=——= 78.4kW

work done
time

then we can also
write

If power=

p=£as
So  P=Fis
which is the same as
P=Fv

where v is the
velocity.

This equation is a
useful shortcut for
calculating the power
of a body moving at
constant velocity.

Which other quantities
in physics involve rates
of change? (e.g. AT, BS,
C.1,E3)

Horsepower is often
used as the unit for
power when talking
about cars and boats.

746W =1 hp

So in the Worked
example, the power of
the car is 105 hp.
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The Hoover Dam in P
Colorado can generate

1.5 % 107 watts.

A.3 Figure 19 The ’

main components in a
hydroelectric power station.
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Example 3: Hydroelectric power

It may not be obvious at first, but the energy converted into electrical energy by
hydroelectric power stations comes originally from the Sun. Heat from the Sun turns
water into water vapor, forming clouds. The clouds are blown over the land and the water
vapor turns back into water as rain falls. Rain water falling on high ground has potential
energy that can be converted into electricity (see Figure 20). Some countries like Norway
have many natural lakes high in the mountains and the energy can be utilized by simply
drilling into the bottom of the lake. In other countries rivers have to be dammed.

The energy stored in a lake at altitude is gravitational potential energy. This can be
calculated from the equation E,, = mgh where h is the height difference between the outlet
from the lake and the turbine. Since not all of the water in the lake is the same height, the
average height is used (this is assuming the lake is rectangular in cross section).

transformer

power lines



Worked example

Calculate the total energy stored and
power generated in the figure if water
flows from the lake at a rate of

1m’ per second.

Solution

The average height above the turbine is
(100 + 75)
2

Volume of the lake = 2000 x 1000 x 25 =5 x 10’ m’

=87.5m

Mass of the lake = volume x density = 5 x 107 x 1000
=5x10"kg

B mgh =5 x 100 x 9,8 x 87.5 =429 x 10"?]
If the water flows at a rate of 1 m® per second then 1000 kg falls 87.5 m per second
So the energy lost by the water = 1000 x 9.8 x 87.5 = 875 000] s

Power = 875 kW

Q15. A weightlifter lifts 200kg to a height of 2m in 5s. Calculate the power of the
weightlifter in watts.

Q16.In 255, a trolley of mass 50kg runs down a hill. If the difference in height
between the top and the bottom of the hill is 50 m, how much power will
have been dissipated?

Q17. A car moves along a road at a constant velocity of 20ms™". If the resistance force |
acting against the car is 1000N, what is the power developed by the engine?

Efficiency and power

Efficiency is a quantity that gives a sense of the proportion of input energy that is
transferred to useful stores. We define efficiency, 1, by the equation:
useful work out

efficiencys————————
Y~ "total work in

If the work out is done at the same time as the work in, then we can divide the
numerator and the denominator by time to give the equivalent equation:
useful power out

total power in

efficiency =
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Q18. A motor is used to lift a 10kg mass 2m above the ground in 4s. If the power
input to the motor is 100 W, what is the efficiency of the motor?

Q19. A motor is 70% efficient. If 60k] of energy is put into the engine, how much
work is got out?

Q20. The drag force that resists the motion of a car traveling at 80km h~" is 300N.
(@) What power is required to keep the car traveling at that speed?
(b) If the efficiency of the engine is 60%, what is the power of the engine?

Guiding Questions revisited

How are concepts of work, energy and power used to predict changes within
a system?

How can a consideration of energetics be used as a method to solve problems
in kinematics?

How can transfer of energy be used to do work?

In this chapter, we have provided an alternative model for analyzing the physical
changes in a system that requires an understanding of how:

¢ The work done on a body is the product of the force exerted and the displacement
of the body in the direction of the force.

* Gravitational and elastic potential energies are associated with position (relative
to positions of zero potential energy that are selected strategically).

* Kinetic energy is associated with momentum (mass and velocity).

* Gravitational potential, elastic potential and kinetic energies are collectively
referred to as mechanical energies.

* By considering the types of energy of all bodies at different positions and times,
kinematics problems can be solved; unlike the suvat equations (which require
uniform acceleration), energies can be calculated irrespective of the route taken.

* Energy is a conserved quantity, which means that it can be transferred but not
created or destroyed.

» Work is done when energy is transferred and energy is transferred when work is done.

* Power is the rate at which work is done or energy is transferred.

* The upper limit of efficiency, the ratio of the useful energy (or power output) to
the total energy (or power input), is 1.

* Sankey diagrams are a visual representation of the input and output energy types
and the efficiency of the system.
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Practice questions

A competition includes an obstacle where the competitor has to jump
onto a hanging cylinder, causing it to move along an inclined wire with
negligible friction.

T

Im

L]

(a) The cylinder has mass 100 kg and the competitor has mass 80 kg. The
competitor is moving at 10 m s~ when they catch the cylinder and

leave the ground. Using g = 10ms 2, calculate:
(i) the impulse experienced by the cylinder 2
(ii) theimpulse experienced by the competitor (1)

(iii) the kinetic energy of the cylinder and competitor just after
catching the cylinder. (1)

(b) Determine whether the competitor will get to the far end of the wire.  (2)
(Total 6 marks)
A 10kg block is pulled a distance of 4 m along a frictionless ramp inclined

at an angle of 20° by an 8 kg hanging mass as shown in the diagram on the
right.

(a) Calculate:

(i) the work done by the gravitational force (1)
(if) the increase in potential energy of the sliding mass. (1)
(iii) Why are the answers to (i) and (ii) different? (1)

(b) The hanging mass is replaced by an electric motor and winch, which
consumes 400 | of energy lifting the block to the same height. If the
purpose of the machine is to raise the block, calculate the efficiency of
the motor/ramp system. (2)

(Total 5 marks)
A 0.25 kg ball is launched from the ground with initial speed of 20 m 57!
and reaches a maximum height of 10 m.
(@) Calculate the speed of the projectile when it reaches maximum height. (2)

(b) The projectile lands in a bucket with wheels. Calculate the velocity of
the bucket plus ball after the ball has landed in the bucket if the mass
of the bucket is 1.25 kg. (2)

(¢) The bucket and ball are stopped by a buffer, which is made from a
spring that becomes compressed. If the change in length of the spring
is 10 cm, calculate the spring constant. 2

(Total 6 marks)

83



SPACE, TIME AND MOTION A-3 Work, energy and power

4. Astone is falling at a constant velocity vertically down a tube filled with oil.
Which of the following statements about the energy transfers of the stone
during its motion are correct?

I.  The gain in kinetic energy is less than the loss in gravitational
potential energy.

II. The sum of kinetic and gravitational potential energy of the stone
is constant.

III. The work done by the force of gravity has the same magnitude as the
work done by friction.

A landllonly B landllonly C Handlllonly D I landIll
(Total 1 mark)

5. The Sankey diagram shows the energy input from fuel that is eventually
transferred to useful domestic energy in the form of light in a filament
lamp. What is true for this Sankey diagram?

energy loss at power station

energy loss in transmission

thermal energy to lamp

light energy to lamp

The overall efficiency of the process is 10%.

Generation and transmission losses account for 55% of the energy input.

Useful energy accounts for half of the transmission losses.

g N = >

The energy loss in the power station equals the energy that leaves it.
(Total 1 mark)
6. The graph on the left shows how the acceleration a of an object varies with

distance traveled x. The mass of the object is 3.0 kg. What is the total work
done on the object?

A 300]
S B 400]
00 % liU 1‘5 EiU 2“5 '3‘0 C ]‘200]
xm
D 1500] (Total 1 mark)

7. An object of mass m is initially at rest. When an impulse / acts on the
object, its final kinetic energy is E,. What is the final kinetic energy when an
impulse of 2/ acts on an object of mass 2m initially at rest?

Ek
A = B E C 2E D 4E

(Total 1 mark)
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10.

11.

A train on a straight horizontal track moves from rest at constant
acceleration. The horizontal forces on the train are the engine force and
aresistive force that increases with speed. Which graph represents the
variation with time t of the power P developed by the engine?

A B
P P
0 0
0 t 0 t
(& D
P P
0 0
0 t 0 t

(Total 1 mark)

A car traveling at a constant velocity covers a distance of 100 m in 5.0s.
The thrust of the engine is 1.5 kN. What is the power of the car?

A 0.75kW B 3.0kWwW C 75kW D 30kW
(Total 1 mark)

The energy density of a substance can be calculated by multiplying its

specific energy (energy per unit mass) with which quantity?

mass D volume
volume mass

A  mass B volume C
(Total 1 mark)

The diagram shows part of a downbhill ski course that starts at point A, 50

m above level ground. Point B is 20 m above level ground. A skier of mass

65 kg starts from rest at point A and, during the ski course, some of the
gravitational potential energy is transferred to kinetic energy.

A
A

50m

20m

24m
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Work, energy and power

(a) From A to B, 24% of the gravitational potential energy is transferred to
kinetic energy. Show that the velocity at Bis 12ms™. 2)

(b) The dot on the following diagram represents the skier as she passes
point B. Draw and label the vertical forces acting on the skier. (2)

e

(¢) The hill at point B has a circular shape with a radius of 20 m. Determine
whether the skier will lose contact with the ground at point B. (3)

(d) The skier reaches point C with a speed of 8.2 m s™'. She stops after
a distance of 24 m at point D. Determine the coefficient of dynamic
friction between the base of the skis and the snow. Assume that the
frictional force is constant and that air resistance can be neglected. (3)

(e) At the side of the course, flexible safety nets are used. Another skier
of mass 76 kg falls normally into the safety net with speed 9.6 m 57\,
Calculate the impulse required from the net to stop the skier and give
an appropriate unit for your answer. (2)

(f) Explain, with reference to change in momentum, why a flexible safety
net is less likely to harm the skier than a rigid barrier. (2)

(Total 14 marks)

A company designs a spring system for loading ice blocks onto a truck.
The ice block is placed in a holder H in front of the spring, and an electric
motor compresses the spring by pushing H to the left. When the spring is
released, the ice block is accelerated toward a ramp, ABC. When the spring
is fully decompressed, the ice block loses contact with the spring at A.

The mass of the ice block is 55 kg. Assume that the surface of the ramp is
frictionless and that the masses of the spring and the holder are negligible
compared to the mass of the ice block.

spring ice block

HA

(a) (i) Theblockarrives at C with a speed of 0.90 m s™'. Show that the

elastic energy stored in the spring is 670 J. (2)
(ii) Calculate the speed of the block at A. (2)
(b) Describe the motion of the block:
(i) from A to B with reference to Newton’s first law (1)
(ii) from B to C with reference to Newton's second law. (2)



(c) Copy the axes below and sketch a graph to show how the displacement
of the block varies with time from A to C. (You do not have to put
numbers on the axes.) (2)

displacement

0

0 time
(d) The spring decompression takes 0.42 s. Determine the average force
that the spring exerts on the block. (2)

(e) The electric motor is connected to an electrical source of power 816 W.
The motor takes 1.5 s to compress the spring. Estimate the efficiency of
the motor. (2)

(Total 13 marks)
13. (a) Will hanging a magnet in front of an iron car, as shown, make the
car go? (1)
A Yes, it will go.

B It will move if there is no friction.

C Itwill not go.
(b) Explain your answer. (1)
(Total 2 marks)

14. A neutron moving through heavy water strikes an isolated and stationary
deuteron (the nucleus of an isotope of hydrogen) head on in an elastic
collision.

(@) Assuming the mass of the neutron is equal to half that of the deuteron,
find the ratio of the final speed of the deuteron to the initial speed of
the neutron. (2)

(b) What percentage of the initial kinetic energy is transferred to the
deuteron? (2)

eV is a unit of energy

and a conversion into |
10 MeV to 0.01 eV? (2) is not required.

(c) How many collisions would be needed to slow the neutron down from

(Total 6 marks)
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B The particulate nature of matter

<« This flood in Seoul, South Korea, in August 2022 followed heavier rainfall than any seen in the area for
the previous 80 years. During the same week, western Europe experienced a heatwave. The increasing
frequency of extreme weather events is linked to global warming.

Klaus Hasselmann, based at the Max Planck Institute for Meteorology in Hamburg,
Germany, was one of the winners of the Nobel Prize for Physics in 2021 ‘for the
physical modeling of Earth’s climate, quantifying variability and reliably predicting
global warming’ (Nobel Prize, 2021). Our awareness today that global warming

is caused by increasing CO, in the atmosphere is in part a result of Hasselmann’s
advocacy and modeling work.

A model is a representation of reality. During your study of matter, you will consider
the energies and momentum changes of individual particles (in which assumptions
are made about elasticity, size and forces experienced) and the collective properties of
substances in macroscopic containers. Part of what made Hasselmann so successful
was his acknowledgement that short-term weather fluctuations and broader climate
trends cannot be fully understood in terms of individual spheres behaving as perfect
ballistic projectiles.

These chapters commence by defining density, temperature, internal energy, heat
transfer, phase, luminosity, brightness and emissivity, and getting to know how
particles are involved in conduction, convection and radiation. These abstract concepts
are then brought into sharp real-world focus through the greenhouse effect, which
describes the processes by which radiation from the Sun interacts with the Earth and
its atmosphere and the enhanced impact that human activities are making. Armed
with an awareness of the very small and the very big, you will be well-placed to grapple
with theory, problems, experiments and modeling of your own on the gas laws.

The chapters on Thermal energy transfers (B.1), the Greenhouse effect (B.2) and Gas
laws (B.3) relate to particles that, in general, do not interact with each other except
when touching or when radiation passes between them. Another property of particles
is charge. Differences in charges across spaces lead to electric fields, and electric

fields are regions in which electric forces are exerted. In a similar way to how a ball
falls when released from a height, charged particles move in a net direction when
constrained within electrical conductors that form a complete circuit. They release the
energy provided by a source of emf in resistors.
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«f When a gas is heated, it expands making it less dense than the surrounding air. If the balloon is large "
enough, the buoyancy it experiences will be sufficient to lift several people.

(il

0

How do macroscopic observations provide a model of the microscopic
properties of a substance?

How is energy transferred within and between systems?

How can observations of one physical quantity be used to determine the other
properties of a system?

When a box is pulled along a rough horizontal surface at constant velocity, it gains no
kinetic energy or potential energy. However, the point of application of the pulling force
that overcomes friction moves in the direction of the force. Work is done.

If work is done, energy must be transferred. So, if energy is not transferred to the box,
where does this energy go?

We can answer this question if we think of the box as being made of particles. It is the
particles that gain kinetic energy and potential energy, not the box.

Our role as physicists is to observe our physical surroundings, take measurements and
think of ways to explain what we see. Up to this point in the course, we have been dealing
with the motion of bodies. We can describe bodies in terms of their mass and volume,
and if we know their speed and the forces that act on them, we can calculate where they
will be at any given time. We even know what happens if two bodies hit each other.
However, knowledge of relative motion, forces and energy is not enough to describe all
the differences between objects. For example, by simply holding different objects we can
feel that some are hot and some are cold.

In this chapter, we will develop a model to explain these differences, but first of all we
need to know what is inside matter.

Nature of Science

So far we have dealt with the motion of particles and, given their initial
conditions, can predict their speed and position at any time. Once we realize
that all matter is made up of particles, we can use this knowledge to build a
model of the way those particles interact with each other. So even though we
cannot see these particles, we can make predictions related to them.

Students should understand:

molecular theory in solids, liquids and gases

: . m
density p as givenby p =7,

Kelvin and Celsius scales are used to express temperature

the change in temperature of a system is the same when expressed with the Kelvin or Celsius
scales

9N
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B.1 Figure 1 Can we keey
cutting the cheese forever?

92

b

Kelvin temperature is a measure of the average kinetic energy of particles as given by
E=2tT
k 278

the internal energy of a system is the total intermolecular potential energy arising from the
forces between the molecules plus the total random kinetic energy of the molecules arising
from their random motion

temperature difference determines the direction of the resultant thermal energy transfer
between bodies

a phase change represents a change in particle behavior arising from a change in energy at
constant temperature

quantitative analysis of thermal energy transfers O with the use of specific heat capacity ¢ and
specific latent heat of fusion and vaporization of substances L as given by 0 = meAT and O =mL

conduction, convection and thermal radiation are the primary mechanisms for thermal
energy transfer

conduction in terms of the difference in the kinetic energy of particles

quantitative analysis of rate of thermal energy transfer by conduction in terms of the type of
material and cross-sectional area of the material and the temperature gradient as given by
AQ AT

Ar T M Ax

qualitative description of thermal energy transferred by convection due to fluid density differences

quantitative analysis of energy transferred by radiation as a result of the emission of
electromagnetic waves from the surface of a body, which, in the case of a black body, can be
modeled by the Stefan-Boltzmann law as given by L = 6AT*where L is the luminosity, A is the
surface area and T is the absolute temperature of the body

the concept of apparent brightness b

luminosity L of a body as given by b = ﬁ

the emission spectrum of a black body and the determination of the temperature of the
body using Wien's displacement law as givenby 4 7=2.9 x 107" mK where 4__is the peak
wavelength emitted.

The nature of radiation is covered in C.2.

The particle model of matter

Ancient Greek philosophers spent a lot of time thinking about what would happen if
they took a piece of cheese and kept cutting it in half.

ﬁ@@@@@

They did not think it was possible to keep halving it forever, so they suggested that
there must exist a smallest part, which they called the atom.

Atoms are too small to see (about 10-°m in diameter) but we can think of them as
very small perfectly elastic balls. This means that when they collide, both momentum
and kinetic energy are conserved.



Elements and compounds

We might ask: ‘If everything is made of atoms, why is everything not the same?’ The
answer is that there are many different types of atom.

There are 118 different types of atom, and a material made of just one type of atom
is called an element. There are, however, many more than 118 different types of
material. The other types of matter are made of atoms that have joined together to
form molecules. Materials made from molecules that contain more than one type of
atom are called compounds.

The three states of matter
Solid

A solid has a fixed shape and volume so the molecules must have a fixed position.

This means that if we try to pull the molecules apart, there will be a force pulling them
back together. This force is called the intermolecular force. This force is due toa
property of the molecules called charge which will be dealt with properly in B.5. This
force does not only hold the particles together but also stops the particles getting too
close. It is this force that is responsible for the tension in a string (as the molecules are
pulled apart they pull back) and the normal reaction (when the surfaces are pushed
together the molecules push back).

attractive forces repulsive forces

between molecules o_p 4_0 <_° °_> between molecules
pulled apart pushed together

Molecules of a solid are not free to move about but they can vibrate.
Liquid
Aliquid does not have a fixed shape but does
have a fixed volume so the molecules are able to d % Q
move about but still have an intermolecular force 9

between then. This force is quite large when you b

try to push the molecules together (a liquid is very

difficult to compress) but not so strong when 0‘6 0\ !
pulling molecules apart (if you throw a bucket of b
water in the air it does not stay together). d 4‘0

When a liquid is put into a container, it presses o, dQ:o ?

against the sides of the container. This is because
of the intermolecular forces between the liquid
and the container. At the bottom of the container,
the molecules are forced together by the weight
of liquid above. This results in a bigger force per
unit area on the sides of the container. This can be demonstrated by drilling holes in
the side of the container and watching the water squirt out as shown in Figure 6. The
pressure under a solid block also depends on the height of the block but this pressure
only acts downward on the ground not outward or upward as it does in a fluid.

B.1 Figure 5 Molecules in a liquid.

B.1 Figure 6 Higher pressure at the bottom of
the container forces the water out at higher speed.

@ hydrogen atom
o gold atom
A

B.1 Figure 2 Gold is made
of gold atoms and hydrogen
is made of hydrogen atoms,

d
q
d

L oV 2\
88880(
)

J
)
D
»
0

» O
)
O
O
©

B.1 Figure 3 Molecules in
asolid.

< B.1Figure 4 Intermolecular

forces.

The molecules of

a liquid are often
drawn further apart
than molecules of a
solid but this is not
always the case; water
is a common but
atypical example of
the opposite. When
ice lurns to water, it
contracts, which is why
water is more dense
than ice and ice floats
on water.
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A

B.1 Figure 7 The force at
the bottom is greater than
at the top, resulting in a
buoyant force.
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B.1 Figure 9 The density of
air molecules is greater at the
bottom of the atmosphere.
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Thermal energy transfers

So the force per unit area, or pressure, increases with depth. If you have ever been
diving, you may have felt this as the water pushed against your ears. The increase in
pressure with depth is also the reason why submerged objects experience a buoyant
force. If you consider the submerged cube shown in Figure 7, the bottom surface is
deeper than the top so experiences a greater force, resulting in a resultant upward
force. Note that this is only the case if the water is in a gravitational field, e.g. on the
Earth, as it relies on the weight of the water pushing down on the water below.

Gas

A gas does not have fixed shape or volume; it
simply fills whatever container it is put into. The
molecules of a gas are completely free to move
about without any forces between the molecules
except when they are colliding.

o b

—0O

Since the molecules of a gas are moving, they g f

collide with the wall of the container. The

change in momentum experienced by the gas

molecules means that they must be subjected to

an unbalanced force, resulting in an equal and O/ 0/

opposite force on the container. This results in gas A

pressure. If the gas is on the Earth, then the effect

of gravity will cause the gas nearest the ground to

be compressed by the gas above. This increases the density of the gas so there are more

B.1 Figure 8 Molecules of a gas.

collisions between the gas molecules and the container, resulting in a higher pressure.
The difference between the pressure at the top of an object and the pressure at the
bottom results in a buoyant force is illustrated in Figure 9.

A car moving through air will collide with the air molecules. As the car hits the air
molecules, it increases their momentum so they must experience a force. The car
experiences an equal and opposite force which we call air resistance or drag.

Brownian motion

The explanation of the states of matter
supports the theory that matter is made
of particles but it is not completely
convincing. More evidence was found
by Robert Brown when, in 1827, he was
observing a drop of water containing
pollen grains under a microscope. He _
noticed that the pollen grains had an : o
unusual movement. The particles moved )
around in an erratic zigzag pattern
similar to Figure 10. The explanation

for this is that they are being hit by A

the invisible molecules of water that

surround the particles. The reason we

do not see this random motion in larger

objects is because they are being bombarded from all sides so the effect cancels out.

B.1 Figure 10 Smoke particles jiggle about,



Density

Density is defined as the ratio of the mass of a body to its volume:

<|=

p=
where p is density in kgm™, m is mass in kg and V is volume in m>.

The density of a gas is lower than the density of a solid. But not all liquids are less dense
than solid bodies. On a macroscopic level, densities cause bodies to float or sink. On a
microscopic level, density is related to the spacing of particles.

Because density is unrelated to the dimensions of a body, it is a material property. A
given material will always have the same density, irrespective of whether it is a gigantic
sphere or stretched out into a sheet.

Informally, some refer to density as ‘the amount of stuff in a thing’.

Internal energy

Consider a car moving along the road at constant velocity.

constant velocity

drag force

motor force

The force of the motor is applied via the friction between the tires and the road. We
know that energy is transferred from the petrol to the car so the motor is doing work,
but since the car is not getting any faster or going up a hill, it is not gaining any kinetic
or potential energy. If we consider the air to be made up of particles, we can answer the
question of what is happening to the energy and thus gain a better understanding of
drag force.

As the car moves through the air, it collides with the molecules of air as in Figure 12.
When a collision is made, the car exerts a force on the molecules so, according to
Newton’s third law, the car must experience an equal and opposite force. This is the
drag force.

As the car moves forward hitting the air molecules, it gives them kinetic energy; this
is where all the energy is going. We call this internal energy, and since gas molecules
have no forces between them (and have no net increase in height), this energy is all
kinetic energy.

Another example we could consider is a block sliding down a slope at a constant speed
as in Figure 13. As it slides down the slope, it is losing potential energy, but where

is the energy going? This time it is the friction between the block and the slope that
provides the answer. As the surfaces rub against each other, energy is transferred to
the molecules of the block and slope; the rougher the surfaces, the more the molecules
get bumped about. The effect of all this bumping is to increase the kinetic energy of

A GeoGebra worksheet
linked to this topic is
available in the eBook,

How does density
relate to gases, standing
waves, gravitation, fuels
and thermal energy
transfer? (B3, C4, D.1,
A3 B.1)

How has international
collaboration helped

to develop the
understanding of the
nature of matter? (NOS)

‘ B.1 Figure 11 Forces on
a car moving with constant
velocity.

B.1 Figure 12 The front
of the car collides with air
molecules.
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the molecules. Solid molecules cannot fly about, they can only vibrate, and as they do
this, they move apart. This moving apart requires energy because the molecules have
a force holding them together. The result is an increase in both kinetic energy and
potential energy.

B.1 Figure 13 A block slides P>

down a siope at constant

speed.

Worked example

What role does the &

Jmoleatlar ot piay A 4kg block slides down the slope at a constant speed of 1 ms™! as in the figure
in understanding other

areas of physics? (NOS) given below. What is the work done against friction?

Solution
The loss of E, = mgh =4 x 10 x 3=120].

This energy has not been transferred to
kinetic energy since the speed of the block
has not increased. The energy has been given
to the internal energy of the slope and block.
The work done against friction (friction
force x distance traveled in direction of the
force) is therefore 120]. The block is losing
energy so this should be negative.

friction x 5=-120]

friction =-24N

Worked example

A car of mass 1000kg is traveling at 30ms-". If the brakes are applied, how much
thermal energy is transferred to the brakes?

Solution

When the car is moving, it has kinetic energy. This must be transferred to the
brakes when the car stops.

Il

ST ST

2
E . =-my

=2 %1000 x 30?
=450k

thermal energy transferred to the brakes = 450k]
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When a car slows down using its brakes, kinetic energy will be transferred to internal
energy in the brake pads and disks.

< This thermogram of a car

shows how the wheels have
: hot due to friction

n the road and the

he brakes pads

Q1. A block of metal, mass 10kg, is dropped from a height of 40 m.

(@) How much energy does the block have before it is dropped?

(b) How much thermal energy do the block and floor gain when it hits
the floor?

Q2. Ifthe carin the second worked example on page 96 was traveling at 60ms!,
how much thermal energy would the brakes receive?

Q3. A 75kg free fall parachutist falls at a constant speed of 50ms™!. Calculate the
amount of energy given to the surroundings per second.

Q4. Ablock, starting at rest, slides down the slope as shown in the diagram.
Calculate the amount of work done against friction and the size of the
friction force.

Internal energy and the three states of matter

Internal energy is the sum of the energies of the molecules of a body. In solids and
liquids, there are forces between the molecules so to move them around requires
work to be done (like stretching a spring). The internal energy of solids and liquids is
therefore made up of the total kinetic and potential energy. There is no force between
molecules of a gas so changing their position does not require work to be done. The
internal energy of a gas is therefore only the total kinetic energy.

Temperature (T)

If we rub our hands together, we are doing work since there is movement in the
direction of the applied force. If work is done, then energy must be transferred but

We perceive how hot
or cold something is
with our senses but to
we are not increasing the kinetic energy or potential energy of our hands; we are quantify this we need a
increasing their internal energy. As we do this, we notice that our hands get hot. measurement

97



THE PARTICULATE NATURE OF MATTER B -1 Thermal energy transfers

small change in
volume causes big
change in length

B.1 Figure 14 Asimple
thermometer.

B.1 Figure 15 Calibrating a >
thermometer.
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This is a sensation that we perceive through our senses and it seems from this simple
experiment to be related to energy. The harder we rub, the hotter our hands become.
Before we can go further, we need to define a quantity we can use to measure how hot
or cold a body is.

Temperature is a measure of how hot or cold a body is.

When we defined a scale for length, we simply took a known length and compared

other lengths to it. With temperature it is not so easy. First we must find some directly
measurable physical quantity that varies with temperature. One possibility is the length
of a metal rod. As the internal energy of a solid temperature increases, the molecules
move faster, causing them to move apart. The problem is that the length does not change
very much so it is not easy to measure. A better alternative is to use the change in volume
of a liquid. This also is not very much, but if the liquid is placed into a container with a
thin tube attached as in Figure 14, then the change can be quite noticeable.

To define a scale, we need two fixed points. In measuring length, we use two of the
positions along a ruler. In this case, we will measure the length of the liquid at two
known temperatures: the boiling and freezing points of pure water. But how do we
know that these events always take place at the same temperatures before we have
made our thermometer? What we can do is place a tube of liquid in many containers
of freezing and boiling water to see if the liquid always has the same lengths. If it does,
then we can deduce that the freezing and boiling temperatures of water are always the
same. Having defined our fixed points, we can make the scale by marking the tube at
the highest and lowest points and dividing the range into 100 equal units.

Nature of Science

It is important to use pure water at normal atmospheric pressure. Otherwise,
the temperatures will not be quite right.

L](J(!

melting ice boiling water unknown temperature

So if we place the thermometer into water at an unknown temperature, resulting in
length Ly, then the temperature can be found from:

Lr—L

T= x 100

LIUO
This is how the Celsius scale is defined.



Temperature and kinetic energy

The reason that a liquid expands when it gets hot is because its molecules vibrate more
and move apart. Higher temperature implies faster molecules so the temperature

is directly related to the average kinetic energy of the molecules. However, since

the kinetic energy of the particles is not zero when ice freezes, the average kinetic
energy cannot be directly proportional to the temperature in °C. The lowest possible
temperature is the point at which the kinetic energy of molecules becomes zero. This
happens at —273°C.

Kelvin scale

An alternative way to define a temperature scale would be to use the pressure

of a constant volume of gas. As temperature increases, the kinetic energy of the
molecules increases so they move faster. The faster moving molecules hit the walls
of the container harder and more often, resulting in an increased pressure. As the
temperature gets lower and lower, the molecules slow down until at some point they
stop moving completely. This is the lowest temperature possible or absolute zero.
If we use this as the zero in our temperature scale, then the average kinetic energy is
directly proportional to temperature. In defining this scale, we then only need one
fixed point in addition to absolute zero. This point could be the freezing point of water
but the triple point is more precisely defined. This is the temperature at which water
can be solid, liquid, and gas in equilibrium, which in Celsius is 0.01°C. If we make this
273.16 in our new scale, then a change of 1 unit will be the same as 1°C. This is called
the Kelvin scale.

-273°C 0°C T/°C 0K 273K T/K
gradient in each graph is the same so size of unit is equal

Because the size of the unit is the same, to convert from Celsius to kelvin, we simply
add 273. So:

10°C=283K
50°C =323K
A change from 10°C to 50°Cis 50 - 10 = 40°C.
A change from 283K to 323K is 323 - 282 = 40K, so A°C = AK.

Temperature and molecular speed

Now we have a temperature scale that begins at absolute zero, we can say that, for an
ideal gas, the average kinetic energy of the molecules is directly proportional to its
temperature in kelvin.

— 3
E=3kT

where k;, is the Boltzmann constant, 1.38 x 102’ m?kgs—2K-1.

The lowest theoretical
temperature s
-27315°C, but for
conversion purposes,
we usually find it more
convenient to use
=-273°C,

Mot all countries use
@ the same units of

temperature when
describing the weather
but the agreed SI unit is
the kelvin.

B.1 Figure 16 Pressure vs
temperature in Celsjus and
kelvin.
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B.1 Figure 17 =8
Molecular velocity
distribution for a gas.

L
v

This is the average
kinetic energy of

the molecules. The
different molecules of

a gas travel at different
random velocities, some
faster and some slower.
The range of velocities
can be represented by
the velocity distribution
curve in Figure 17.
Because the curve is not
symmetrical, the mean
value is to the right of
contat Figure 17 shows the distribution of molecular velocities for different temperatures —

the blue line describes molecular speed distribution of molecules in the air at about

0°C, and the red line is at about 100°C.

Q5. The length of a column of liquid is 30cm at 100°C and 10cm at 0°C. At what
temperature will its length be 12 cm?

relative number of molecules

T >
0 450
molecular speed/ms!

Q6. The average molar mass of air is 29 gmol ™. Calculate:
(@) the average kinetic energy of air molecules at 20°C
(b) the average mass of one molecule of air
(c) the average speed of air molecules at 20°C.

Thermal energy

We know that the temperature of a body is related to the average kinetic energy of

its molecules and that the kinetic energy of the molecules can be increased by doing
work, for example, against friction. The internal energy of a body can also be increased
by putting it in contact with a hotter body. Energy transferred in this way is called
thermal energy (or sometimes heat).

B.1 Figure 18 Heat flows ‘
from hot to cold until 0°C 50°C 50°C
thermal equilibrium is
established.
no thermal energy flow since not thermal energy flows from  no thermal energy flow since
in thermal contact hot to cold thermal equilibrium

When bodies are in thermal contact, heat will always flow from a high temperature to
a low temperature until the bodies are at the same temperature. Then we say they are
in thermal equilibrium.
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Thermal energy transfer

Three ways that thermal energy can be transferred from one body to another are
conduction, convection, and radiation.

Conduction

Conduction takes place when bodies are in contact with each other. The vibrating
molecules of one body collide with the molecules of the other. The fast-moving hot
molecules lose energy and the slow-moving cold ones gain it.

Metals are particularly good conductors of thermal energy because not only are their
atoms well connected but metals contain some free particles (electrons) that are able to
move freely about, helping to pass on the energy.

Gases are not very good conductors of thermal energy because their molecules are
far apart. However, heat is often transferred to a gas by conduction. This is how heat
would pass from a room heater into the air of a room, for example. For a conducting
material, the rate of flow of thermal energy is proportional to the temperature
gradient:

AQ

_ 4 AT
ar kAR

where & is material conductivity (WK m™") and A is cross-sectional area (m?).

Convection

Convection is the way that heat is transferred through fluids by collections of fast-
moving molecules moving from one place to another. When heat is given to air, the
molecules move around faster. This causes an increase in pressure in the hot air, which
enables it to expand, pushing aside the colder surrounding air. The hot air has now
displaced more than its own weight of surrounding air so experiences an unbalanced
upward force, resulting in motion in that direction.

As the hot air rises, it will cool and then come back down (this is also the way that a
hot air balloon works). The circular motion of air is called a convection current and
is the way that heat is transferred around a room.

Radiation

Radiation is the mechanism by which thermal energy can pass directly between two
bodies without increasing the temperature of the material between them. In fact,
there does not even have to be a material between since radiation can pass through a
vacuum. The name of this radiation is infrared and it is a part of the electromagnetic
spectrum. The amount of radiation emitted and absorbed by a body depends on its
color. Dark, dull bodies both emit and absorb radiation better than light shiny ones.
When you stand in front of a fire and feel the heat, you are feeling radiated heat.

hot cold

O 0 0 O
0O 0 0O O

B.1 Figure 19 Energy
passed from fast molecules
to slow molecules.

< B.1Figure 20 Electrons

pass energy freely.

buoyant force = weight of
air displaced

weight of hot air

A

B.1 Figure 21 Hot air
expands,

@ Although the first ever

engine was probably a
steam turbine, cylinders
of expanding gas are
the basis of most
engines.
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Wihama rod of matal Black-body radiation
is heated to around
1000K, it starts to glow
red. Although the most

A black body is a perfect radiator of thermal energy. The power radiated per unit area
of the body is related to the temperature of the body. To determine how it is related we

intense part of the can do an experiment using a tungsten lightbulb as a source of radiation.
spectrum is not in the
visible region, there is It is not easy to measure the temperature of the filament, but we do know that the resistance
enough visible red light of tungsten changes with temperature. In Figure 22, we measure the potential difference
to make the rod glow. across the bulb and the current through it so we can calculate the resistance and hence

determine the temperature. The power radiating from the filament is measured using a

: - thermopile. This absorbs the radiation, causing its temperature to rise and leading to a

This experiment potential difference that is measured with the voltmeter.
involves electrical
guantities and
apparatus, which we

will discuss fully in B.S, thermopile ©

‘ ‘ | : E; power supply

temperature determined
from resistance of
filament

B.1 Figure 22 Finding >

the relationship between

radiated power and

temperature. Figure 23 shows the results from this experiment. The potential difference measured across the
thermopile is on the y-axis and the filament temperature on the x-axis.

potential difference
proportional to
power radiated

The y-axis is the :E 35
potential difference ¥ e
measured across the r =30 131 5 8 NS B )
thermopile. This is g manual fit for
proportional to the 5 dataset
power absorbed E 2 V=AT'
per unit area of the -
sensor. 2 20
L e
g
g 15
g
% 10
E
15
B.1Figure 23 Graphof P B
potential difference across 0 | | | i i | | ! | !
thermopile vs temperature. 0 200 400 600 8OO 1000 1200 1400 1600 1800 2000

Temperature [ K

This is obviously not a straight line but the curve y = 2.09 x 107 2¢*is a good fit. Since the
thermopile potential difference is proportional to the power absorbed per unit area, this
shows that:

an

By calibrating the thermopile to W m™ instead of mV, we find the constant of propartionality
o =567 = 108 W m~ K- This is known as the Stefan-Boltzmann constant. So for a
perfect black-body radiator:

P=AoT
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The black-body spectrum

If we view the visible spectrum of a filament lamp, we see that it is made up of a

continuous spread of visible wavelengths as shown in Figure 24.

By using sensors, we can measure the intensity of the different
colors and also electromagnetic radiation outside the visible
range to produce the complete black-body spectrum as
shown in Figure 25. Notice how the peak in the spectrum is
actually in the infrared region, which is why a light bulb gives
out more heat than light.

Wien’s displacement law

A body at room temperature emits infrared radiation but not
visible light. However, the spectrum of infrared radiation will
be a similar shape to that of the tungsten bulb in Figure 25,
except that the peak will be moved to the right and, as the total
power emitted is less, the area under the graph will be smaller.
Figure 26 shows the black-body spectra for a range of different
temperatures.

intensity |
T =5500K
4 T =4000K
] T = 3500K
D T T T T | T T T T | T T T T | T T T T |
0 500 1000 1500 2000

wavelength/nm

intensity

What applications does
the Stefan-Boltzmann
equation have in
astrophysics and in the
use of solar energy?
(E5, B.2)

<« B.1Figure 24 The visible
spectrum.

500 1000 1500 2000 2500 3000
wavelength/nm

A

B.1 Figure 25 The black-
body spectrum for a tungsten
filament lamp.

Bodies with the same
termnperature but lower
emissivity will emit
radiation with the same
peak wavelength but
less power,

B.1 Figure 26 The intensity
distribution for a black body
at different temperatures.

The relationship between the peak wavelength in meters and the temperature in kelvin

is given by Wien’s displacement law, which states that peak wavelength and absolute

temperature are inversely proportional:
0.0029

How can observations
of one physical
quantity allow for

the determination of

Ko™ T where 0.0029 is a constant with the unit m K (not millikelvin) another? (NOS)
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Where do inverse
square law relationships
appear in other areas of

physics? (NOS)

In cold countries,
houses are insulated
to prevent thermal
energy from escaping,
Are houses in hot
countries insulated to
stop thermal energy
entering?

This applies not only
when things are
given heat, but also
when they lose heat.
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Inverse square law

The radiation from a spherical body spreads out radially in all directions so the
power per unit area decreases as distance from the source increases. At distance r, the
radiation from a source emitting a total power P has spread out to cover a sphere of
area 4rr? so the power per unit area, I, is gi\i;en by the formula:

=%

In the case of stars, we refer to apparent brightness, b, in place of intensity.

Q7. A black ball of radius 2 cm can be considered to be a perfect black-body
radiator. If the temperature of the ball is 500K, calculate:

(@) the peak wavelength of the spectrum of electromagnetic radiation
emitted

(b) the power per unit area emitted from the ball
(c) the total power emitted from the ball
(d) the intensity of radiation received at a distance of 1 m.

Preventing heat loss

In everyday life, as well as in the
physics lab, we often concern
ourselves with minimizing

heat loss. Insulating materials
are often made out of fibrous
matter that traps pockets of s
air. The air is a poor conductor =
and when it is trapped it cannot |
convect. Covering something ,

with silver-colored paper will
reduce radiation.

Roof insulation in & house. ’

Thermal capacity (C)

If thermal energy is added to a body, its temperature rises, but the actual increase in
temperature depends on the body.

The thermal capacity, C, of a body is the amount of heat needed to raise its temperature
by one unit. Typical units: ] °C or JK-1.

If the temperature of a body increases by an amount AT when quantity of heat Q is
added, then the thermal capacity is given by the equation:

=
C=AT



Worked example

If the thermal capacity of a quantity of water is 5000 ] K-, how much heat is
required to raise its temperature from 20°C to 100°C?

Solution
Thermal capacity: c =
PACILY: AT
So: Q=CAT
Therefore: Q =5000 * (100 - 20) ]
So the heat required: Q =400k]

Worked example

How much heat is lost from a block of metal of thermal capacity 800 ] K-! when it
cools down from 60°C to 20°C? |

Solution
o =
Thermal capacity: C=%7
So: Q =CAT
Therefore: Q =800 = (60-20)]
So the heat lost: Q =32k

Q8. The thermal capacity of a 60 kg human is 210 k] K-!. How much heat is lost
from a body if its temperature drops by 2°C?

Q9. The temperature of a room is 10°C. In 1 hour the room is heated to 20°C by a
1kW electric heater. |

(a) How much heat is delivered to the room?
(b) What is the thermal capacity of the room?
(¢) Does all this heat go to heat the room?

Specific heat capacity (c)

The thermal capacity depends on the size of the object and what it is made of. The :
Remember, power is

specific heat capacity depends only on the material. Raising the temperature of [ kg energy per unit time.
of water requires more heat than raising the temperature of 1kg of steel by the same

amount, so the specific heat capacity of water is higher than that of steel.



THE PARTICULATE NATURE OF MATTER B -1 Thermal energy transfers

The specific heat capacity of a material is the amount of heat required to raise the
temperature of a unit mass of the material by one unit. Typical units: J kg1 °C! or
Jkg K.

If a quantity of heat Q is required to raise the temperature of a mass m of material by
AT, then the specific heat capacity c of that material is given by the following equation:

Q

€= mAT

Worked example

The specific heat capacity of water is 4200 kg™ K~'. How much heat will be
required to heat 300g of water from 20°C to 60°C?

The specific heat capacity of
water is quite high, so it takes
a lot of energy to heat up the

water for a shower.

Solution

Itis possible to buy a Suecific heat capacity: c= _Q

special shower head @ Pt PRt mAT
that uses less water. In S Q= mAT
sorme countries, thisis ’
used fo save energy, in Therefore: Q=4200x 0.3 x40 (Note: Convert g to kg)

others, to save water.

Q=504k]

It takes 4200 of
energy Lo raise the
temperature of

water by 1°C. Thisis
equivalent to lifting
420kg a height of

1 . This makes water
a good medium for

Worked example

A metal block of mass 1.5kg loses 20k] of thermal energy. As this happens, its
temperature drops from 60°C to 45 °C. What is the specific heat capacity of the metal?

transferring energy but Solution
also makes it expensive Q

to take a shower. Qil Specific heat capacity: =

mAT
would be cheaper to
heat but not so good 20000
to wash in! So: = m
c=888.9]kg K"

Substance = Specific

heat Use the data in Table 1 to solve the problems:

capacity

(Jkg'K™) Q10. How much heat is required to raise the temperature of 250g of copper from
Copper 380 20°Cto 160°C?
Steel 240 Q11. The density of wateris 1000kgm™.

. (a) What is the mass of 1 liter of water?
Aluminum 900
(b) How much energy will it take to raise the temperature of 1 liter of water
Water 4200 from 20°C to 100°C?
B.1 Table 1 (c) A water heater has a power rating of 1kW. How many seconds will this

heater take to boil 1 liter of water?
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Q12. A 500g piece of aluminum is heated with a 500 W heater for 10 minutes.
(@) How much energy will be given to the aluminum in this time?

(b) If the temperature of the aluminum was 20°C at the beginning, what will its
temperature be after 10 minutes?

Q13. A car of mass 1500kg traveling at 20m s brakes suddenly and comes to a stop.
(a) How much kinetic energy does the car lose?

(b) If 75% of the energy is given to the front brakes, how much energy will they
receive?

(c) The brakes are made out of steel and have a total mass of 10kg. By how
much will their temperature rise?

Q14. The water comes out of a showerhead at a temperature of 50°C at a rate of 8
liters per minute.

(@) Ifyou take a shower lasting 10 minutes, how many kg of water have you
used?

(b) If the water must be heated from 10°C, how much energy is needed to heat
the water?

Phase change
< B.1Figure27 v

melting

freezing
T mmm—

. N

vaporization £ . ;

G S

condensation freis s '__J'J
..
Caobiiy

R e

When water boils, this is called a change of state (or change of phase). As this happens,
the temperature of the water does not change — it stays at 100°C. In fact, we find that
while the state of a material is changing, the temperature stays the same provided that no
particles are added or lost. We can explain this in terms of the particle model.

It Tloats
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B.1 Figure 28 Molecules >

gain potential energy when @ <0 -0 energy added ‘) Q\‘—@
the state changes. ~@> <@ <0 - = ‘k'\a ﬂ
Solid molecules have Liquid molecules are now
kinetic energy since free to move about but have
they are vibrating. the same kinetic energy as before.

When matter changes state, the energy is needed to enable the molecules to move
more freely. To understand this, consider the example below.

B.1 Figure 29 A ball-in- >
a-box model of change of energy energy
e added added
— —_—
Ball has kinetic energy Ball now has Ball now has same
as it is moving in kinetic energy and kinetic energy as
the box. potential energy. before but also has
potential energy and is
free to move around.
Boiling and evaporation
These are two different processes by which liquids can change to gases.
Boiling takes place throughout the liquid and always at the same temperature (for a
given pressure). Evaporation takes place only at the free surface of the liquid and can
happen at all temperatures.
B.1 Fig‘ur_t.e.B.O __A_ _ > Some fast-moving molecules
lresEopic mode)of leave the free surface of the liquid.

evaporation.

2
=

- (/ o ’\\. K
T s r8

to gas at the

free surface.
Liquid cools as average Kinetic

energy decreases.

vy

How can the phase When a liquid evaporates, the fastest-moving particles leave the free surface. This
change of water be means that the average kinetic energy of the remaining particles is lower, resulting in a

used in the process of drop in temperature for the liquid that remains.
electricity generation?
(B.5, E.4)
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The rate of evaporation can be increased by:

increasing the free surface area. This increases the number of molecules near the free
surface, giving more of them a chance to escape

blowing across the free surface. After molecules have left the free surface, they

form a small ‘vapor cloud’ above the liquid. If this is blown away, it allows further
molecules to leave the free surface more easily

raising the temperature. This increases the kinetic energy of the liquid molecules,
enabling more to escape.

Specific latent heat (L)

The specific latent heat of a material is the amount of heat required to change the
state of a unit mass of the material without change of temperature.

Typical unit: Jkg™!

Latent means hidden. This name is used because when matter changes state, the heat
added does not cause the temperature to rise, but seems to disappear.

If it takes an amount of energy Q to change the state of a mass m of a substance, then
the specific latent heat of that substance is given by the equation:

58

m
Worked example

The specific latent heat of fusion of wateris 3.35 x 10°J kg '. How much energy is
required to change 500 g of 0°C ice into 0°C water?

Solution

Latent heat of fusion: L= %

So: Q=mL

Therefore: Q=0.5x%335x10°]

So the heat required: Q=1.675x%10°]

Worked example

The amount of heat released when 100g of steam turns to water is 2.27 x 10°].
What is the specific latent heat of vaporization of water?

Solution
Specific latent heat of vaporization: L =%

227 x10°
Therefore: L= T] kg

So the specific latent heat of vaporization: L=2.27 x 10°Jkg™

People sweal to
increase the rate at
which they lose thermal
energy. When you

get hot, sweat comes

out of your skin onta
the surface of your
body. When the sweat
evaporates, it cools you
down. In a sauna, there
is 50 much water vapor
in the air that the sweat
does not evaporate.

Solid — liquid (or
vice versa)

Specific latent heat
of fusion

Liquid — gas (or
vice versa)

Specific latent heat
of vaporization

This equation
(L=2)canalso be
used to calculate
the heat lost when a
substance changes
from gas to liquid,
or liquid to solid.
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227 %

latent heat
of 108Jkg™ Use the data about water in Table 2 to solve the following problems.
vaporization

Q15. If the mass of water in a cloud is 1 million kg, how much energy will be

apecitic 3.35 x released if the cloud turns from water to ice?
latent heat 105 kg™

of fusion

Q16. A water boiler has a power rating of 800 W. How long will it take to turn
400 g of boiling water into steam?

B.1Table 2 Specific latent

AEBES BT A Q17. The ice covering a 1000 m? lake is 2cm thick.
Before the invention of (@) If the density of ice is 920kg m~?, what is the mass of the ice on the lake?
the refrigerator, people @ H h 3 tradin Jttheice?
il el e ios i (b) How much energy is required to melt the ice?
winter and store it in (c) If the Sun melts the ice in 5 hours, what is the power delivered to the lake?
WSt d o s (d) How much power does the Sun deliver per m?

that it could be used to
make ice cream in the
summer. The reason it : . :
takes 5o long to melt Graphical representation of heating
is because to melt

1 kg of ice requires The increase of the temperature of a body can be represented by a temperature—time

33 % 10°) of energy; in graph. Observing this graph can give us a lot of information about the heating process.
a well-insulated room, A
this could take many 60 -
months.
B.1 Figure 3 > temperature/”C
Temperature-time graph for
1 kg of water being heated in 20+

an electric kettle.

In this example, we are time/s 240

ignoring the heat given ) )
to-the kettle-and the From this graph, we can calculate the amount of heat given to the water

heat lost. per unit time (power).

temperature rise AT
gradient of the graph = IDUT =5F
We know from the definition of specific heat capacity that:

heat added = mcAT

mcAT
rate of adding heat =P = AT
So: P=mc x gradient
60-20
gradient of this line = % °Cs1=0.167°Cs™
So: power delivered = 4200 x 0.167 W = 700 W
B.1 Figure 32 A graph > A
of temperature vs time 100
fA 10ili ; Wher
TJI [J"I|Irlg \-'\aLer \,.\,n‘ 1.6.‘[1 temperature/°C
the water is boiling, the 60 4
temperature does not |
increase any more.
: 204 :
240 480 960
time/s
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If we continue to heat this water, it will begin to boil.

If we assume that the heater is giving heat to the water at the same rate, then we can
calculate how much heat was given to the water while it was boiling.

power of the heater = 700 W
time of boiling = 480
energy supplied = power x time = 700 x 480] = 3.36 x 10°]
From this, we can calculate how much water must have turned to steam.
heat added to change state = mass x latent heat of vaporization

specific latent heat of vaporization of water = 2.27 x 10°] kg™!

hanged BAGHTC . vy
mass changed to steam = ——=———==U.
8 227 % 10° 8

A
1004
temperature/°C 60
204

240 480

time/s

A

B.1 Figure 33 Heat |oss.

Measuring thermal quantities by the method of mixtures

The method of mixtures can be used to measure the specific heat capacity and specific
latent heat of substances.

A metal sample is first heated to a known temperature. The most convenient way of doing
this is to place it in boiling water for a few minutes; after this time it will be at 100°C. The
hot metal is then quickly moved to an insulated cup containing a known mass of cold water.
The hot metal will cause the temperature of the cold water to rise; the rise in temperature

is measured with a thermometer. Some example temperatures and masses are given in
Figure 34.

As the specific heat capacity of water is 4180) kg KT, we can calculate the specific heat
capacity of the metal.

AT for the metal = 100 - 15 = 85°C
AT for the water=15-10=5°C
Applying the formula Q = mcAT we get:
(MEAT) = 0.1 x ¢ x 85 =85¢
(MCAT),arer = 04 x 4180 x 5 = 8360
If no heat is lost, then the heat transferred from the metal = heat transferred to the water:
8.5¢c = 8360
Coneat = 983 kg 1K

The amount of
thermal energy loss

is proportional to the
difference between
the temperature of

the kettle and its
surroundings. For this
reason, a graph of
temperature against
time is actually a curve,
as shown in Figure 33.
The fact that the
gradient decreases tells
us that the amount of
heat given to the water
gets less with time. This
is because as it gets
hotter, more and more
of the heat is lost to the
room.

0.1kg o=c

04kg

1=c 15°C

A

B.1 Figure 34 Measuring
the specific heat capacity of
a metal.

A worksheet with full
details of how to carry
out this experiment

N is available in
. the eBook.
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To measure the latent heat of vaporization, steam is passed into cold water. Some of the steam
condenses in the water, causing the water temperature to rise.

thermal energy from the steam = thermal energy to the water

steam
B.1 Figure 35 By measuring P>
the rise in temperature, the
specific latent heat can be

alculated.

When melting sugar
to make confectionary,
be very careful: liquid
sugar takes much
longer to cool down
than you might think.
This is because as it
changes from liquid

to solid it is giving

out heat but does not
change temperature.,
You should wait a lorig
time befare trying to
pick up any of your
treats with your fingers.
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@

0.413kg

30°C
In Figure 35, 13g of steam have condensed in the water, raising its temperature by 20°C. The
steam condenses then cools down from 100°C to 30°C.
heat from steam = Mlyeam + MEAT ater
0013 = L+0013x418 =10 =70=0013L + 3803.8
heat transferred to cold water = mcAT, ... =04 x 418 = 10° x 20
= 33440

Since: heat from steam = heat to water
00131 + 3803.8 = 332440
<o | = 33440 - 38038

0013
L=228 %108 kg™

Thermal energy loss

In both of these experiments, some of the heat coming from the hot source can be lost
to the surroundings. To reduce heat loss, the temperatures can be adjusted, so you could
start the experiment below room temperature and end the same amount above (e.g. if
room temperature is 20 °C, then you can start at 10°C and end at 30°C).

Guiding Questions revisited

How do macroscopic observations provide a model of the microscopic
properties of a substance?

How is energy transferred within and between systems?

How can observations of one physical quantity be used to determine the other
properties of a system?

In this chapter, we have considered the evidence for and historical development of the
particle model and conservation of energy on different scales to appreciate how:

The macroscopic properties of solids, liquids and gases (e.g. hardness, rigidity)
can be explained by considering the arrangement of particles.

Density is a material property that describes the ratio of mass to volume,
irrespective of a body’s dimensions.

Internal energy is the sum of the kinetic and potential energies of particles in
liquids and solids and the sum of the kinetic energies of particles in gases.
Temperature, a macroscopic property associated with whole bodies or containers,
is proportional to the mean kinetic energy of particles when measured in kelvin.
The kelvin scale is a translation of the Celsius scale for temperature.



» Specific heat capacity is a measure of the thermal energy required to change the
temperature of a unit mass of a material.

* Specific latent heat is a measure of the thermal energy required to change the
state of a unit mass of a body.

* Thermal energy flows in solids via conduction, at a rate affected by conductivity,
cross-sectional area and temperature gradient (the variation in temperature
with distance), until the mean kinetic energy of particles becomes evenly
distributed.

* Thermal energy is transferred in fluids by convection currents, with high
temperature, low-density collections of particles rising, and low temperature,
high-density collections of particles sinking and filling any low-pressure
regions.

* All bodies that are hotter than absolute zero radiate thermal energy, with power
(or luminosity) dependent on emissivity, cross-sectional area and absolute
temperature, and with peak wavelength inversely proportional to absolute
temperature.

* Intensity (or apparent brightness) of radiation is inversely proportional to the
square of the distance from the source.

* Knowledge of a body’s apparent brightness and distance away can be used to
determine its luminosity, which in turn can be used to determine its surface
temperature and, hence, peak wavelength (or vice versa).

Practice questions

1. A steel hacksaw blade is used to cut a short cylindrical bar of steel in half.

(a) To do this, the blade is moved forward and backward 100 times through a
distance of 30 cm. The temperature of the blade and metal bar rises from
20°Cto 26 °C.

Length of steel bar = 10 cm

Radius of bar = 0.5 cm

Density of steel = 8000 kg m 3

Mass of blade = 30 g

Specific heat capacity of steel = 470 ] kg1 K™
Specific latent heat of fusion of steel = 270 kj kg™

Melting temperature of steel = 1500 °C
(i) Explain why the metal bar gets hot. (3)
(ii) Calculate the mass of the bar. (2)

(ifi) Assuming no heatis lost, calculate the average force exerted on the
saw blade. Note that the blade only cuts on the way forward. (3)
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(b) One piece of the cut bar is melted by passing an electric current through it.
The electrical power is calculated to be 1 kW.

(i) Assuming no heat is lost, calculate the time taken to melt the bar.  (2)

(ii) In reality the bar only reaches 1000 °C and does not melt. State the
heat loss per second at this temperature. (1)

(c) An electric water boiler has a heating element at the bottom.

(i) Give two reasons why the element is at the bottom. (2)

(i) Explain why the element gets dangerously hot if there is no water in
the boiler. (2)
(Total 15 marks)

An electric current is passed through a 1 cm long tungsten wire situated in a
vacuum, The temperature of the wire rises then remains constant at 2500 °C.
The electric power dissipated is 30 W.

(i) State the temperature in kelvin to an appropriate number of significant

figures. (2)
(ii) Explain why we can assume that the wire radiates 30 ] of energy per

second. (2)
(iii) Calculate the diameter of the wire. (3)

(Total 7 marks)

A quantity of crushed ice is removed from a freezer and placed in a calorimeter.
Thermal energy is supplied to the ice at a constant rate. To ensure that all the
ice is at the same temperature, it is continually stirred. The temperature of the
contents of the calorimeter is recorded every 15 seconds. The diagram shows
the variation with time t of the temperature 6 of the contents of the calorimeter.
(Uncertainties in the measured quantities are not shown.)

W 20+
T

¢}

154

10+

| 1 1 1 1 | 1
0 25 50 75 100 125 150 175
tfs

(a) Copy the graph and mark with an X the data point at which all the ice has
just melted. (1)

(b) Explain, with reference to the energy of the molecules, the constant
temperature region of the graph. (3)



The mass of the ice is 0.25 kg and the specific heat capacity of water is 4200 |
kg ' KL

(c) Use these data and data from the graph to:
(i) deduce that energy is supplied to the ice at the rate of about 530 W (3)

(if) determine the specific heat capacity of ice (3)
(iii) determine the specific latent heat of fusion of ice. (2)
(Total 12 marks)

When running, a person generates thermal energy but maintains
approximately constant temperature.

(a) Explain what thermal energy and temperature mean. Distinguish between

the two concepts. (4)

The following simple model may be used to estimate the rise in temperature of
a runner, assuming no thermal energy is lost.

A closed container holds 70 kg of water, representing the mass of the runner.
The water is heated at a rate of 1200 W for 30 minutes. This represents the
energy generation in the runner.

(b) (i) Show that the thermal energy generated by the heateris 2.2 x 10°]. (2)
(if) Calculate the temperature rise of the water, assuming no energy
losses from the water.
The specific heat capacity of water is 4200 | kg™ K™ (3)

(c) The temperature rise calculated in (b)(ii) would be dangerous for the
runner. Outline three mechanisms, other than evaporation, by which the
container in the model would transfer energy to its surroundings. (6)

A further process by which energy is lost from the runner is the evaporation of
sweat.

(d) (i) Describe,in terms of molecular behavior, why evaporation causes
cooling. (3)

Percentage of generated energy lost by sweating: 50%

Specific latent heat of vaporization of sweat: 2.26 x 109] kg™!

(if) Using the information above, and your answer to (b)(i), estimate the

mass of sweat evaporated from the runner. (3)

(iii) State and explain two factors that affect the rate of evaporation of
sweat from the skin of the runner. (4)
(Total 25 marks)
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A black body at temperature T emits radiation with peak wavelength 2 and
power P. What is the temperature of the black body and the power emitted for

A
a peak wavelength of 57

Temperature of the black body Power emitted by the
black body
A 2 16
: % :
C 2T 4P
D 2T 6P

(Total 1 mark)

A black-body radiator emits a peak wavelength of 4 _and a maximum power
of P. The peak wavelength emitted by a second black-body radiator with the

max

same surface areais 24 . What is the total power of the second black-body

radiator?
i 1
A 1P, B 3P, C 2P, D 16P,

(Total 1 mark)

A bicycle of mass M comes to rest from speed v using the back brake. The
brake has a specific heat capacity of ¢ and a mass m. Half of the kinetic energy
is absorbed by the brake. What is the change in temperature of the brake?

My? M2 my? my?
A T B e C D D e

(Total 1 mark)

An object can lose energy through:

I. conduction II. convection III. radiation

Which are the principal means for losing energy for a hot rock resting on the
surface of the Moon?

A landIlonly C llandIll only
B landIllonly D [ llandlll
(Total 1 mark)
(a) Show that the apparent brightness, b %{:, where dis the distance of the
object from Earth, T'is the surface temperature of the object and A is the
surface area of the object. (1)

(b) Two of the brightest objects in the night sky seen from Earth are the

planet Venus and the star Sirius. Explain why the relationship b o A—dfg‘i is
applicable to Sirius but not to Venus. (2)

(Total 3 marks)



10. The masses of different material samples are recorded and mass is plotted
against density for the sample. The samples are labeled 1 to 5. Which two
samples have the same volume?

F?E 15.0 1”‘ X X
32 4 5
&
Z
_g 10.0 3)(
5.0 1
e -
0.0 T T T =
0 100 200 300 400
mass|/g
A land2
B 4and>5
C 3and4
D land4
E Noneofthem

(Total 1 mark)

11. The thermal power flowing by conduction through a surface is proportional
to the temperature difference across the surface, A@, and the area of the
surface, A, and inversely proportional to the thickness, Ax. The constant of
proportionality is known as the thermal conductivity. A 60 cm composite
rod, of constant cross-section, is made of 20 cm lengths of steel, copper and
aluminum joined together. The rod is well insulated. The tip of the steel end of
the rod is maintained at 100 °C and the tip of the aluminum end at 0 °C. What
are the temperatures at each of the two junctions of dissimilar metals?
Thermal conductivities: steel 60 Wm™ K™'; copper 400 W m ™! K™; aluminum
240Wm K™

(Total 5 marks)
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Moan. It reveals a lot on the greenhouse effect that has relevance in this chapter: not all of the Earth is
illuminated by the Sun at a time; there are variations in how reflective different surfaces are; and the

Earth is surrounded by swirling gases known as the atmosphere. What this snapshot cannot reveal is i
the impact that humans are having on the balance of thermal energy and temperature overall.

How does the greenhouse effect help to maintain life on Earth and how does
human activity enhance this effect?

<« This photograph of the Earth was taken in 1968 during the Apollo & astronauts' return from orbiting the

How is the atmosphere as a system modeled to quantify the Earth—
atmosphere energy balance?

The Sun can be considered to be a black-body radiator so we can use Wein'’s law to find
the temperature of its surface and the Stefan—Boltzmann law to find the power emitted
per unit area and hence the total power. This radiation spreads out according to the
inverse square relationship and is incident on the Earth, but before it can reach us on
the ground, it must pass through the atmosphere. Here, we will investigate how the
different wavelengths interact with the gases in the atmosphere.

Nature of Science

We can model the behavior of a small amount of ideal gas trapped in a cylinder
quite accurately but modeling the whole atmosphere is quite different. To

model the atmosphere, computer programs are used in an attempt to make
predictions. However, we cannot run experiments to see if these predictions are
correct. In 1988, the Intergovernmental Panel on Climate Change (IPCC) was
established by the United Nations Environmental Programme and the World
Meteorological Organization to provide the decision-makers of the world with a
clear scientific view on the current state of knowledge in climate change and its
potential environmental and socio-economic impacts.

There are problems associated with the use of energy. It will be up to the
imagination and creativity of future scientists to solve them.

Students should understand:

conservation of cnergy

emissivity as the ratio of the power radiated per unit area by a surface compared to that of an
power radiated per unit area

ol

ideal black surface at the same temperature as given by emissivity =

albedo as a measure of the average energy reflected off a macroscopic system as given by
total scattered power

albedo=——F—7 " ——
total incident power

Earth’s albedo varies daily and is dependent on cloud formations and latitude

the solar constant §

the incoming radiative power is dependent on the projected surface of a planet along the

direction of the path of the rays, resulting in a mean value of the incoming intensity being %

119



THE PARTICULATE NATURE OF MATTER B-2 Greenhouse effect

B.2 Figure 1 e
Electromagnetic spectrum of
sunlight.

Although the peak is
in the visible region,
sunlight also contains
ultraviolet (10%) and
infrared (50%).

120

methane CH,, water vapor H,0, carbon dioxide CO,, and nitrous oxide N,O are the main
greenhouse gases, and each has origins that are both natural and created by human activity

absorption of infrared radiation by the main greenhouse gases in terms of the molecular
energy levels and the subsequent emission of radiation in all directions

the greenhouse effect can be explained in terms of a resonance model and molecular energy
levels

the augmentation of the greenhouse effect due to human activities is known as the enhanced
greenhouse effect.

Radiation from the Sun

intensity

=

500 1000 1500 2000 2500 3000
wavelength/nm

o

The spectrum of light arriving at the edge of the Earth’s atmosphere, as shown

in Figure 1, has a peak value at about 500 nm. This is in the green region of the
visible spectrum. Putting this value into Wien'’s displacement law equation gives a
temperature of 5800K.

Now we know the temperature of the Sun, we can use the Stefan-Boltzmann law to
calculate the power radiated per unit area:

P=AcT*

P
A 5.67 x 107 x 5800* = 6.42 x 10" W

The radius of the Sun = 6.9 x 108m so the surface area = 47r?
= 6.0 x 10" m?, which means that the total power radiated
=3.9 x 10%'W.

The Earth is 1.5 x 10''m from the Sun so the power per unit area (also known as

intensity or apparent brightness) at the Earth will be:
P 3.9 x 10% ,
I= = =1400Wm™
4mr?  4n(1.5 x 10')?

This quantity is called the solar constant, S.



Interaction between solar radiation and
the atmosphere

Electromagnetic radiation spreads out as a wave, rather like a water wave, but in

three dimensions. A water wave has peaks and troughs that spread across the -

water; electromagnetic waves have peaks and troughs in electromagnetic fields that g‘

spread through a vacuum at speed v. The distance between the peaks is called the &

wavelength 4, and the number of oscillations per second is called the frequency f. ‘hgamma i

These quantities are related by the equation: 107

v=f4 1079 Xerays

10"

The electromagnetic radiation from the Sun can be split into three regions 1%

according to their wavelength: ultraviolet, visible and infrared. Ultraviolet has the | lemiolet

shortest wavelength and highest frequency, infrared has the longest wavelength 1071 visible

and lowest frequency, and visible light is in-between. These types of radiation ] R

interact with the atmosphere in different ways. - infrared

Ultraviolet radiation goit| MR

Ultraviolet radiation has the highest energy, enough to split molecules. Ultraviolet 411

radiation is absorbed by oxygen molecules (O,) and splits them into two oxygen ] wiicromaves

atoms (20). The atoms can then join with O, molecules to form ozone (O5), which

forms a thin layer in the upper atmosphere where it absorbs ultraviolet radiation as

it splits it into O, and O. Most of the higher energy ultraviolet radiation is absorbed radio waves

in this way. This can be represented by the absorption spectrum in Figure 3, where

100% means that all of the radiation of that wavelength is absorbed. A

% absorbed =
e

o

uv visible IR

Visible light

Visible light excites atoms. In other words, the atoms absorb the energy of the light. An
excited atom is unstable so will re-emit the light a short time later. You might expect that
the atmosphere would absorb all the visible light, but it does not. If it did, the atmosphere
would not be transparent. The reason for this is that the atoms can only be excited by
certain specific energies, so only these are absorbed, leaving the rest to pass through.

This gives rise to dark lines in the spectrum of light received on the Earth because the re-
emitted radiation does not come out in the same direction as the original. You will find out
more about this when you study atomic models and learn about electron energy levels.

Infrared radiation

Infrared radiation is produced by the vibration of molecules. The molecules of a solid
vibrate in bodies that have thermal energy and infrared radiation is emitted. So, infrared
radiation is associated with hot bodies. This is the radiation that we can feel coming from
a fire and is detected in night vision cameras. When infrared radiation is absorbed, it
makes molecules vibrate, which is why you get hot standing in front of a fire.

wavelength

-0.01 nm
-0.1 nm
F1nm
F10nm

100 nm
_{10001‘11!1
1pm
10 um
100 wm
1000 pm

F1cm

10 cm

B.2 Figure 2 The
electromagnetic spectrum.
Waves can be classified in
terms of their wavelength.
Each range of wavelengths
has a different name, mode
of production and uses.

400 nm

500 nm

&00 nm

700 nm

< B2 Figure 3 Absorption of
wavelength electromagnetic radiation by
ozone,

121



THE PARTICULATE NATURE OF MATTER B-2 Greenhouse effect

Certain molecules present in the atmosphere (e.g. carbon dioxide CO,, water vapor H,O,
nitrous oxide N,O, and methane CH,) can be made to vibrate by infrared radiation, but
they only absorb the frequency of radiation that is the same as their natural frequency.
This is called resonance and is similar to someone pushing a child on a swing. If the
frequency of pushing matches the natural frequency of the swing, maximum energy

is transferred from the pusher to the swing. Once the molecule starts to vibrate, it will
re-emit the radiation in a random direction (including toward space), which results in less
radiation reaching the Earth. The absorption spectrum for CO, is shown in Figure 4.

Notice the three distinct peaks; each is due to a different mode of vibration of the molecule.

B.2 Figure 4 Absorption of b

electromagnetic radiation by 100
carbon dioxide. 2
£
z
£
0
uv visible IR

wavelength

Although CO, is the most talked about absorber of infrared radiation, water has the
greatest effect. This is not only due to its absorption characteristics, shown in Figure 5,
but also because it is more abundant in the atmosphere.

B.2 Figure 5 Absorption of >

: 100
electromagnetic radiation by i
water, E
What relevance do a;
simple harmonic 0

motion and resonance
have to climate change?
(C.1,C4)

uv visible IR wavelength

Radiation reaching the Earth

By the time the black-body radiation from the Sun reaches the surface of the Earth, a
lot of wavelengths have been absorbed by the different gases in the atmosphere. The
spectrum now looks something like Figure 6. The actual amount of energy absorbed
will vary with latitude since the sunlight has to pass through more atmosphere to
reach the surface at the poles than at the equator.

B.2 Figure 6 Spectumof E
light reaching the Earths 'l':_z'_
surface. z
2
5
E
spectrum arriving at atmosphere
1 spectrum arriving at Earth
0= TT T [ T T T T [ T T T 1T [T T T T [T T T T]
0 500 1000 1500 2000 2500 3000

wavelength/nm
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Interaction between light and solids

When the radiation hits the surface of the Earth, some is reflected and some is absorbed.
The molecules in solids are much closer than the molecules in a gas. This results in electron
energy bands rather than the discrete levels of a single atom. Solids can therefore emit and
absorb many more wavelengths of light than low-pressure gases. When electromagnetic
radiation is incident on a solid surface, there are three main possibilities:
* It may be absorbed then re-emitted in the opposite direction. This is reflection
or scattering.
* It may be absorbed, transferring energy to electrons, which in turn pass the energy to
molecular kinetic energy, resulting in an increase in temperature.
* It may not be absorbed but pass through the material.

When dealing with the surface of the Earth, we can discount the last option since no radiation
will pass through the Earth. Whether a particular wavelength photon (particle of light) is
absorbed or reflected depends upon the material of the surface; it is this that makes different
materials have different colors. A red object appears red because it reflects red photons but
absorbs the other colors, a white object reflects all colors and a black object reflects none.

Albedo

The ratio of scattered to total incident power is called the albedo:
total scattered power

albedo = =
total incident power

Different surfaces have different albedos; for example, the albedo of snow is 0.9 since
almost all of the light is reflected, whereas the albedo of asphalt is 0.04. If we consider
the whole Earth, then we should also take into account the light scattered by the clouds.

This gives an average albedo of 0.3.
Emissivity (e)

Not all bodies are perfect black-body radiators so they emit less radiation than predicted by
the equation for a perfect black-body radiator. The ratio of the energy radiated by a body to

the energy radiated by a perfect black body at the same temperature is called the emissivity.

So, for a body with emissivity ¢, the power radiated is given by the adapted equation:
P=e¢AcT*

The emissivity of a black body is 1; other materials will have emissivity less than 1 (see Table 1).

Note that the total power radiated from a star is known as the luminosity, L.

Emissivity is the ratio of actual thermal energy emitted to that which would be emitted
by a black body. We can express this in terms of energy or power by the equation:

R power radiated per unit area
SmISS]VI[y = oT%

The greenhouse effect

Since the atmosphere does not absorb much visible light, the visible light reflected from
the Earth’s surface will pass back out through the atmosphere.

The absorbed light will cause the temperature of the surface to rise so it will emit radiation
at a peak wavelength given by @. The Earth is not very hot so this peak is in the infrared
region, which means that the radiation is absorbed by carbon dioxide (CO,), water vapor
(H,0), nitrous oxide (N,0), and methane (CH,) in the atmosphere. These molecules then

Using the color picker
tool in photo-editing
software, you can
measure the amount
of red, green, and
blue light reflected an
different surfaces in a
digital photograph.

If more light is reflected
from the Earth, then
less energy is absorbed,
so the temperature

will be less. One way
of increasing the
amount of radiation
reflected would be to
paint surfaces white. If
asphalt was white, how
much difference would
that make?

Material Emissivity
(at 0°C)

Polished 0.02

aluminum

Brick 0.85

Dull black 0.94

paper

A

B.2Table1 Emissivity of
different materials.
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absorbs like a disk

A

B.2 Figure 7 To an

imaginary observer on the

Sun, the Earth would ook
like a circle.

The radiation from the
Sun hits the Earth from
one direction so the
Earth absorbs the same
amount of radiation as
if it were a disk. In this
case, power absorbed
= 1400xr*. However,
the Earth is actually a
sphere so:

power absorbed per

unit area

_ 1400x* _ 1400
4 4

= 350Wm~

350 W m?
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Greenhouse effect

re-emit the radiation in random directions so some of it returns to the Earth. The net result
is that the energy leaving the Earth is reduced, resulting in a lower emissivity. This effect is
called the greenhouse effect due to its similarity with the way glass traps thermal energy
in a greenhouse. The gases that cause the effect are called greenhouse gases.

Energy balance

Imagine we could build the solar system by taking a sun at 5800K and putting a 0K
Earth in orbit at a distance of 1.5 x 10" m. The Earth would absorb energy from the Sun
causing its temperature to rise. As the Earth’s temperature rose above 0K, it would begin
to radiate energy itself. The amount of energy radiated would increase until the amount
of energy radiated equaled the amount of energy absorbed and equilibrium was reached.

Earth without atmosphere

To understand the principle of energy balance, we will first consider the simplified
version of a perfectly black Earth without atmosphere. We have already calculated the
power received per unit area at the Earth as 1400 W m~2, This radiation only lands on
one side of the Earth, so treating the Earth as a disk of radius 6400 km, we can calculate
the total power incident at the surface:

w power
incident power =
area

x area of Earth = 1400 x zr2=1400 x 7 x (6.4 x 105)2
=1.8x10W

To find the average power per unit area over the whole Earth, we must divide by the surface
area of the Earth (4m7). Note that, this time, we take the Earth to be a sphere, which results
in an average intensity of T

As the temperature of the Earth increases, it will emit radiation which, according to the
Stefan—Boltzmann law, will be proportional to the fourth power of the temperature in
kelvin. So when the temperature is T, the power radiated per unit area is given by:

power per unitarea=oT*

The total power radiated can be found by multiplying this value by the area of the
Earth. This time, we must use the total area of the sphere since energy is radiated by all
parts, not just the side facing the Sun:

power radiated from Earth = 6T x 4
power = 2.9 x 10’ xT*W
The temperature of the Earth will rise until the incident power = radiated power:

1.8 x107W =29 x 10" xT*
T—“’M—ZSOK
TN29x107 T

Earth with atmosphere

The previous example is not realistic because not all the radiation is absorbed by the
ground: some is scattered by the atmosphere (particularly clouds) and some is reflected off
the surface. The average albedo of the Earth is 0.3, which means that only % of the power
will be absorbed by the ground. So the power absorbed = 0.7 x 1.8 x 10" =1.26 x 107 W.



Also, the power radiated is not as high because the Earth is not a black body and the
greenhouse gases re-radiate some of the infrared radiation emitted by the Earth back to
the ground. This results in an emissivity of around 0.6.

So: power radiated from Earth = 0.6 x 2.9 x 10’ xT*W
=1.74x 10/ xT*W

Equilibrium will therefore be reached when 1.26 x 10" = 1.74 x 10" xT* which gives a
value of T=292K.

We can see that the atmosphere has two competing effects: the clouds raise the
albedo, resulting in less power reaching the Earth, but the greenhouse gases make the
emissivity lower, resulting in a higher overall temperature.

Figure 8 is a very simplified picture of the energy flow. Figure 9 is a more complete
(but still simplified) representation showing some of the detail of the exchange of
energy between the ground and the atmosphere. Notice that the atmosphere absorbs
energy in two ways: 358 W m is absorbed by greenhouse gases and 105Wm™ due to
convection and the energy used to turn water into water vapor.

105 W m™?

- mwm?

Challenge yourself

1. Estimate the average surface temperature of the Moon.

4 B2 Figure 8 Energy flow
with some reflected energy.

< B.2Figure 9 The numbers
in this diagram represent
pOWEr per unit area in Wm=

What limitations

are there in using a
resonance model to
explain the greenhouse
effect? (C.4)
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Q1. Use Figure 9 to answer the following questions.

(@) What is the total power per square meter absorbed by the atmosphere?
(b) How much of the incident radiation is reflected from the surface?

(c) What is the albedo of the Earth?

(d) How much power per square meter is re-radiated by the atmosphere?

(e) What percentage of the energy radiated from the Earth passes straight
through the atmosphere?

We cannot do experiments to see the effect of changing the albedo of the Earth, but we can
set up computer models to see what might happen. Using a spreadsheet, we can make a
simple model to predict the final temperature of the Earth given certain starting conditions.
We are going to start the Earth off with an initial temperature of, say. 20K and calculate how
much the temperature will rise in a certain time interval.

The first thing we need to do is enter the variables and constants. These can be entered into
a table on the side of the spreadsheet as in Table 2.

ameez B

Solar constant SAWm=2 | 350
Albedo a | 0.3
Emissivity e | 0.6
Time intervalfyrs | 2

Initial temp T/K | 20

Next we will add some formulae to calculate the initial conditions of the Earth using the
headers in Table 3 (Note: all energy and power values are for 1 m? of Earth).

1 ' Time/ Energy in/Jm~? Power Energy Energy Change in New temperature/
yr radiated/Wm= | out/Jm—2 added/I m~? temperature/K | K
2 ' 0 15 452640000 0.0054432 3433135 | 1545229668 | 38.6307417 20
A The columns are as follows:
B.2 Table 3

Time: a starting value, 0; subsequent times will be this plus the time interval,

Energy in: solar constant x (1 - albede) = time interval in seconds
(=1514(1-J$2)$4*3600%24*365).

Power radiated: emissivity x o x T" where T is the initial temperature, in this case, 20 K
(=)53*0.000 000 056 7J$5%4).

Energy out: power out x time interval in seconds { = C2%|54*3600%24%365).
Energy added: energy in - energy out ( = B2 - DZ).
Change in temp: calculated using the surface heat capacity, which is 4 x 10° | m=2 KT, this is

rather like the specific heat capacity with area instead of mass, so AT = Ewhere E s the heat

received per unit area ( = -kl )

New temperature: this is simply the initial temperature; subsequent values will be
calculated from the previous temperature + the change in temperature. Enter = 5J55 to take
the temperature from the table.
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Once this row has been fixed, the formulae are put in the next row to calculate the heat lost
at the new temperature (Table 4).

Time/ | Energy in/Jm™? Power Energy Energy
yr radiatedWm=2 | out/Jm? added/Im~2

15452640000 | 0.0054432 343313.5104 | 15452296686
3 @ 15452640000 | 0.40200908 25355516.7 15427284483

Time: previous time + time interval [ = A2+54).

Energy in: solar constant = (1- albedo) x time interval in seconds

(= JS1H(1-J52)%/$4*3600724"365).

Power radiated: emissivity x o x T* where T is the new temperature; this is the temperature
of the last time interval + the change in temperature

(=)$3*0.0000000567*G3"4).

Energy out: power out x time interval in seconds ( = C3%|$4*3600%24%365).
Energy added: energy in - energy out ( = B3 - D3).

Change in temperature: ( = — ).

New temperature: change in temperature + previous temperature [ = F2 + G2).

These formulae are now copied down for fifty rows by highlighting row 3 and dragging
down. (Note: it is row 3 you copy down, not row 2, which just contains the starting values.)

To plot a graph, highlight column A, then while pressing control, highlight column G. This will
leave both A and G highlighted. Now insert scatter graph, giving Figure 17.

350
= 300 A
2250 4
g7
200 H
150 4
solar constant § 350 i
albedo o 0.3 i
emissivity ¢ 0.6 50 4
time interval/yrs 2 0
T T T T T 1
initial temp T~ 20 0 20 40 60 80 100 120

time/years

You can now find out what happens if you change the values of albedo, emissivity, etc.

S—

Global warming

The spreadsheet simulation shows that if the energy in is not balanced with energy out,
then the average temperature of the Earth will change. A rise in average temperature

is called global warming and can be caused by four factors: solar constant, albedo,
emissivity and quantity of greenhouse gases.

Increase in solar constant

The amount of energy reaching the Earth depends on how much energy the Sun is
giving out and the distance between the Earth and the Sun. Neither of these is constant.
The Earth’s orbit is elliptical so the orbital radius changes. There are also some changes
due to the change of angle of the Earth’s axis in relation to the Sun; these variations are
called Milankovitch cycles.

e e e

Change in New temp/K
temp/K

38.63074172 | 20

38.568211 21 58.63074172

1

A

B.2 Table 4

Although this
simulation aids our
understanding of the
underlying physics, it
is a much simplified
version of reality and
should not be taken to
represent reality. There
are, however, some
much more complex
computer simulations
that are thought to
come close.

1 B.2 Figure 10 Graph of

lemperature against time,

A

The increase in temperature
as a result of many sunspots
leads to solar flares, which
are jets of gas flying out from
the Sun's surface like huge

flarmes.
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How 1s the

understanding of
systems applied to other
areas of physics?

(eg E4, ES5)

Global warming is an
international problem
that requires an
international solution,
What measures are

the government and
people making in the
country where you live?
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The Sun’s surface is an ever-changing swirling mass of gas that sometimes sends out flares
many tens of thousands of kilometers high. More easily viewed from the Earth are the
number of sunspots, which can be seen if an image of the Sun is projected onto a screen
(never look directly at the Sun). The number of sunspots present gives an indication of the
amount of energy emitted; more sunspots implies more energy. This seems the wrong way
round but it is the gas around the sunspot that emits the energy, not the sunspot itself.

Reduced albedo

Albedo is the ratio of reflected to total incident radiation. If the albedo is low, then
more energy is absorbed by the Earth, resulting in a higher equilibrium temperature.
Snow has a high albedo so a reduction in the amount of snow present at the poles and
on glaciers would reduce the albedo.

Reduced emissivity

The emissivity is related to the greenhouse effect, which reduces the amount
of radiation leaving the Earth at a given temperature. Increasing the amount of
greenhouse gases in the atmosphere will result in a higher equilibrium temperature.

Enhanced greenhouse effect

There is a lot of evidence that the burning of fossils fuels, which produce carbon dioxide
at a faster rate than the living trees remove it, has led to an increase in the percentage

of CO, in the atmosphere. This has enhanced the greenhouse effect, causing more
energy to be radiated back to Earth. If more radiation returns to the Earth, then more
must be emitted, resulting in a higher average temperature. This effect is made worse by
deforestation because fewer trees are available to store the carbon dioxide.

What can be done

To reduce the enhanced greenhouse effect, the levels of greenhouse gases must be
reduced, or at the very least, the rate at which they are increasing must be slowed
down. There are several ways that this can be achieved:

1 Greater efficiency of power production

In recent years, the efficiency of power plants has been increasing significantly.
According to the second law of thermodynamics, they can never be 100% efficient but
some of the older, less efficient ones could be replaced. This would mean that producing
the same amount of power would require less fuel, resulting in reduced CO, emission.

2 Replacing the use of coal and oil with natural gas

Gas-fired power stations are more efficient than oil and gas and produce less CO,.

3 Use of combined heating and power systems (CHP)

Using the excess thermal energy from power stations to heat homes would resultin a
more efficient use of fuel.

4 Increased use of renewable energy sources and nuclear power

Replacing fossil fuel burning power stations with alternatives such as wave power,
solar power and wind power would reduce CO, emissions.



5 Use of electric vehicles

A large amount of the oil used today is used for transport and, even without global
warming, there will be a problem when the oil runs out. Cars that run on electricity are
already in production. Aeroplanes will also have to use a different fuel.

6 Carbon dioxide capture and storage

A different way of reducing greenhouse gases is to remove CO, from the waste gases of
power stations and store it underground.

An international problem

Global warming is an international problem, and if any solution is going to work,
then it must be a joint international solution. Before working on the solution, the
international community had to agree on pinpointing the problem and it was to this
end that the Intergovernmental Panel on Climate Change (IPCC) was formed.

Guiding Questions revisited

How does the greenhouse effect help to maintain life on Earth and how does
human activity enhance this effect?

How is the atmosphere as a system modeled to quantify the Earth—
atmosphere energy balance?

In this chapter, we have studied different variables that enable us to understand that:

* The Sun’s radiation forms a spectrum including ultraviolet (which is absorbed
by oxygen molecules), visible light (which passes through the atmosphere except
for a few discrete wavelengths) and infrared (which is absorbed by methane,
water, carbon dioxide and nitrous oxide molecules before being re-emitted in all
directions).

* Energy is incident on the Earth from the Sun with an intensity referred to as the
solar constant.

* Onaverage, 30% of the incident energy is reflected because of the Earth’s albedo.

* The energy that is absorbed by the Earth is later emitted in the infrared region,
which means that greenhouse gas molecules in the atmosphere will absorb and
re-emit some of this radiation back toward the Earth’s surface (and, in turn, reduce
the Earth’s overall emissivity).

* In the absence of any greenhouse effect, the Earth's surface temperature would be
cooler than is needed to maintain life.

* The burning of fossil fuels (e.g. to heat houses, to travel and to generate electricity)
and deforestation (e.g. wood for manufacturing) are contributing to greenhouse
gases in the atmosphere, which in turn is enhancing the greenhouse effect.

* The enhanced greenhouse effect and its associated reduction in emissivity is
contributing to global warming, which is an increase in the Earth’s average
temperature, which in turn reduces albedo (due to the melting of snow at the
poles and on glaciers).

How do different
methods of electricity
production affect the
energy balance of the
atmosphere? (B.5, E.4)

How are developments
in science and
technology affected

by climate change

and other important
international concerns?
(NOS)
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There is a general
expectation that you
will become familiar
with mechanisms for
electricity generation
and heating over the
course of B physics,
These questions may
require you to draw

upon your existing
knowledge or to carry
out research {e.g. ina
library or online).
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Practice questions

1.

2.

3.

(a) Fossil fuels are being used continuously for electricity production.
Outline why fossil fuels are classed as non-renewable. (2)
(b) Some energy consultants suggest that the solution to the problem of
carbon dioxide pollution is to use nuclear energy for the generation of
electrical energy. Identify two disadvantages of the use of nuclear fission
when compared to the burning of fossil fuels for the generation of
electrical energy. (2)

(Total 4 marks)

(a) By reference to energy transfers, distinguish between a solar panel and
a solar cell. (2)

Some students carry out an investigation on a solar panel. They measure

the output temperature of the water for different solar input powers and for

different rates of extraction of thermal energy. The results are shown on the graph.
350

3404
3304

320

output temperature/K

3104

300 : T T T
200 300 400 500 600
input power/W

(b) Use the data from the graph to answer the following.

(i) The solar panel is to provide water at 340K while extracting
energy at a rate of 300 W when the intensity of the sunlight
incident normally on the panel is 800 W m™. Calculate the

effective surface area of the panel that is required. (2)

(i1) Deduce the overall efficiency of the panel for an input power of
500W at an output temperature of 320K, (3)
(Total 7 marks)

(a) The intensity of the Sun’s radiation at the position of the Earth is
approximately 1400 Wm™.

Suggest why the average power received per unit area of the Earth is
350 Wm 2)



(b) The diagram shows a simplified

model of the energy balance

of the Earth’s surface. It shows transmitted through radiated by Earth’s
radiation entering or leaving the atmosphere 245 W m* surface = o T,
Earth'’s surface only.

The average equilibrium

temperature of the Earth’s Earth’s surface T,

surface is Ty and that of the
atmosphere is Ty = 242K.

(i) Using the data from the diagram, state the emissivity of the atmosphere. (1)

(if) Show that the intensity of the radiation radiated by the
atmosphere toward the Earth’s surface is 136 Wm™. (1)

(iii) By reference to the energy balance of the Earth’s surface, calculate Tg. (2)

(c) (i) Outline a mechanism by which part of the radiation radiated by the
Earth’s surface is absorbed by greenhouse gases in the atmosphere.  (3)

(i) Suggest why the incoming solar radiation is not affected by the

mechanism you outlined in (¢)(i). (2)
(iii) Carbon dioxide (CO,)is a greenhouse gas. State one source and
one sink (object that removes CO;) of this gas. (2)
(Total 13 marks)
(@) State the Stefan—Boltzmann law for a black body. (2)

(b) The following data relate to the Earth and the Sun.

Earth—Sun distance = 1.5 100 ny
Radius of Earth =6.4x%10°m
Radius of Sun =7.0x 108 m

Surface temperature of Sun = 5800 K
(i) Use the data to show that the power radiated by the Sun is about
4% 126W, (1)
(ii) Calculate the solar power incident per unit area at a distance from
the Sun equal to the Earth’s distance from the Sun. (2)
(iii) The average power absorbed per unit area at the Earth’s surface is
240Wm,
State two reasons why the value calculated in (b)(ii) differs from

this value. (2)

(iv) Show that the value for power absorbed per unit area of 240 Wm™
is consistent with an average equilibrium temperature for Earth of

about 255K. (2)
(c) Explain, by reference to the greenhouse effect, why the average
temperature of the surface of the Earth is greater than 255K. (3)
(d) Suggest why the burning of fossil fuels may lead to an increase in the
temperature of the surface of the Earth. (3)
(Total 15 marks)

atmosphere T, = 242K

atmosphere
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incoming
400 Wm™

/ radiated
300 Wm*

reflected
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Greenhouse effect

(a) A white plate has a black pattern on it.
(i) Explain why, when red hot, the black pattern is brighter than the

white parts of the plate. (2)
(ii) State which part of the plate has the highest emissivity. (1)
(iii) State which part of the plate has the highest albedo. (1)
(b) There is a scheme to paint the roofs of houses white. Explain how this
would reduce the enhanced greenhouse effect. (3)
(c) The diagram shows the absorption spectrum for the atmosphere of a
planet.
100
3
g
=
®
0

uv visible IR wavelength
(i) Explain why burning fossil fuels would not cause any change in
the temperature of the planet. (2)
(ii) Explain why life would not be possible on this planet. )

(iii) Water vapor is an effective greenhouse gas. Explain why the
presence of water vapor in the atmosphere does not necessarily

lead to global warming. (2)
(Total 13 marks)

A 2cm diameter metal ball with emissivity 0.8 is heated to 1000K.
(a) (i) Calculate the total power of the radiation emitted by the ball. (2)
(ii) Calculate the intensity of the radiation at a distance of 2m. (2)

(b) A thermal radiation sensor with area of 0.5cm? is placed 2m from
the ball.

(i) Calculate the energy absorbed by the sensor in 1 minute. (2)
(ii) State two assumptions that you have made about the sensor. (2)
(Total 8 marks)

In a simple climate model for a planet, the incoming intensity is 400 W m 2

and the radiated intensity is 300 W m~2. The temperature of the planet is
constant. What is the reflected intensity from the planet and the albedo of

the planet?
Reflected intensity from Albedo of the planet
the planet
A 100W m™ 0.25
B 100W m™2 0.75
C 300Wm? 0.25
D 300Wm™ 0.75
(Total 1 mark)



8. What is the main role of carbon dioxide in the greenhouse effect?
A It absorbs incoming radiation from the Sun.
B It absorbs outgoing radiation from the Earth.
C It reflects incoming radiation from the Sun.

D It reflects outgoing radiation from the Earth. (Total 1 mark)

9. The average temperature of the surface of a planet is five times greater than
the average temperature of the surface of its moon. The emissivities of the
planet and the moon are the same. The average intensity radiated by the
planet is /. What is the average intensity radiated by its moon?

1 I 1
35 B 13 C

L
3125
(Total 1 mark)

A D

10. The orbital radius of the Earth around the Sun is 1.5 times that of Venus.
What is the intensity of solar radiation at the orbital radius of Venus?

A 0.6kWm™ C 2kWm™
B 09kWm2? D 3kWm?? (Total 1 mark)
11. A photovoltaic panel of area S has an efficiency of 20%. A second

photovoltaic panel has an efficiency of 15%. What is the area of the second
panel so that both panels produce the same power under the same conditions?

S 38 58 48
A 3 B C % 5

3 D
(Total 1 mark)

12. The three statements give possible reasons why an average value should be
used for the solar constant.

I The Sun’s output varies during its 11-year cycle.
Il The Earth is in an elliptical orbit around the Sun.
II. The plane of the Earth's spin on its axis is tilted to the plane of its orbit

about the Sun.

Which are the correct reasons for using an average value for the solar

constant?
A TandIlonly C IlandIll only
B landIllonly D [ IlandIII (Total 1 mark)

13. Itis suggested that the solar power incident at a point on the Earth’s surface
depends on:

I daily variations in the Sun’s power output

IL thelocation of the point

HI. the cloud cover at the point

Which suggestion(s) is/are correct?

A llonly C Ilandlonly

B landIlonly D I IlandIl (Total 1 mark)
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<« During the study of gas quantities, such as volume, pressure and temperature, it can be helpful to
remember that we all carry our own gas container at all times: our lungs. Breathing in involves a
contraction of the diaphragm, which increases the volume of the cavity. Air moves in to reduce the
pressure difference between the atmosphere and that inside. Breathing out invalves a relaxation of the
diaphragm, which reduces the volume and increases the internal pressure so air moves out. The rib

cage supports the process in both directions using the intercostal muscles.
Guiding Questions

How are the macroscopic characteristics of a gas related to the behavior of
individual molecules?

What assumptions and observations lead to universal gas laws?

How can models be used to help explain observed phenomena?

In the chapters on mechanics, we first defined the quantities associated with particles
(e.g. mass, momentum and energy), then we looked at how they interact when they
collide. We are going to follow a similar procedure with gases by first defining the
relevant quantities (pressure, volume, temperature and number of particles), then
using those quantities to model interactions between two gases.

When considering a gas in a container, it is easy to forget that we are actually looking 2 W
el ’ : ; e @ <
at two gases: the gas held within the container and the air that surrounds the container. °
- . . . e =
This is made clearer if we consider two gases separated by a shared piston. i § e
o
A |

What we want to know is how the gas on one side affects the gas on the other. Which A
way will thermal energy flow and which way will the piston move? B.3 Figure 1 Two chambers
within a container, separated
To answer this, we could look at the mechanical properties of the individual particles by a piston.
or the relationships between pressure, volume and temperature. The only problem is
that there are too many variables, all of which affect the others. We will instead relate
just two variables at a time, keeping the others constant (for example, pressure is
inversely proportional to volume if temperature and the number of particles remain

the same).

The macroscopic relationships involving pressure, volume, temperature and amount
of gas discussed in this chapter form the ideal gas laws and can be used in place of the
microscopic kinetic theory explanations of gas transformations.

What happens to the pressure of a gas when its volume is reduced? The kinetic theory
explanation would be that the reduction in volume leads to an increase in density,
which results in more collisions with the walls per unit time, which increases the total
rate of change of momentum of particles hitting the walls, leading to a greater force
over a smaller area and, therefore, a higher pressure.

Or, using the ideal gas laws, the pressure of a fixed mass of gas is inversely proportional
to its volume at constant temperature. Reducing the volume will result in a higher
pressure.
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Students should understand:

pressure as given by P = %where F is the force exerted perpendicular to the surface

N
the amount of substance n as given by n = N, where N is the number of molecules and N, is
the Avogadro constant

ideal gases are described in terms of the kinetic theory and constitute a modeled system used
to approximate the behavior of real gases

the ideal gas law equation can be derived from the empirical gas laws for constant pressure,

; PV
constant volume and constant temperature as given by T = constant

the equations governing the behavior of ideal gases as given by PV = Nk, T'and PV = nRT

the change in momentum of particles due to collisions with a given surface gives rise to
pressure in gases and, from that analysis, pressure is related to the average translational speed

of molecules as given by P== pv-

the relationship between the internal energy U of an ideal monatomic gas and the number of

molecules or amount of substance as given by /= %NkH TorU= %Rn?‘

the temperature, pressure and density conditions under which an ideal gas is a good
approximation of a real gas.

iodeling somathing that The answer to that question is thanks originally to the chemists, John Dalton in

we cannot see, the ator, particular. Chemists make compounds from elements by mixing them in very precise
proportions. This is quite complicated but we can consider a simplified version as
shown in Figure 2. An atom of A joins with an atom of B to form molecule AB.

using a familiar object, a
perfectly elastic batl.

This is a good example :
of how models are used How do we know atoms have different masses?
in physics. Here we are

B.3 Figure 2 Atoms join (o —

make a molecule. B
We first try by mixing the same masses of A and B but find that when the reaction has
finished there is some B left over; we must have had too many atoms of B. If we reduce
the amount of B until all the A reacts with all the B to form AB, we know that there must
have been the same number of atoms of A as there were of B as shown in Figure 3. We can
therefore conclude that the mass of an A atom is larger than an atom of B. In fact, the ratio of:

mass of atom A _ total mass A
mass ofatom B total mass B

B.3 Figure 3 To combine
completely there must be
equal numbers of atoms.

v

999

@
- @
B

equal masses of A and B equal number of atoms of A and B

By finding out the ratios of masses in many different reactions, the atomic masses
of the elements relative to each other were measured. Originally, everything was
compared to oxygen since it reacts with so many other atoms. Later, when physicists
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started to measure the mass of individual atoms, the standard atom was changed

to carbon-12. This is taken to have an atomic mass of exactly 12 unified mass units
) : 1 S

(u). The size of 1u is therefore equal to — of the mass of a carbon-12 atom, which is

approximately the mass of the smallest atom, hydrogen. e \ome of Umdle

of any gas at normal
atmospheric pressure
(107.3kPajand a

The simplified version of chemistry given here does not give the full picture: for one temperature of 0°C

. i X - i . is 224 liters (L), or
thing, atoms do not always join in pairs. Maybe one A joins with two Bs. Without 00954
knowing the ratio of how many atoms of B join with one atom of A, we cannot ' '
calculate the relative masses of the individual atoms. Amedeo Avogadro solved this

Avogadro’s hypothesis

problem by suggesting that equal volumes of all gases at the same temperature and
pressure will contain the same number of molecules. So if one atom of A and one
atom of B join to give one molecule AB, then the number of molecules of AB is equal
to the number of atoms of A or B and the volume of AB = %(A + B). But if one atom of
A joins with two atoms of B, then the volume of B atoms is twice the volume of the A
atoms, and the volume of AB, = the volume of A. This is illustrated in Figure 4.

‘ B.3 Figure 4 tqual volumes

@ @ ® % % of gases contain the same

number of molecules.
| @ . ‘ )

® ®
@ © ® .

+ =
@ - ®
®
The mole and Avogadro’s constant A rough calculation of
how big a grain of sand
It can be shown that 12 g of carbon-12 contains 6.02 x 102* atoms. This amount of is compared to volume

of sand reveals that
there are approximately
6 x 10% (Avogadra’s
constant) grains of sand
in the Sahara desert.

material is called a mole. This number of atoms is called Avogadro’s constant (N,)
(named after him but not calculated by him). If we take 6.02 x 10* molecules of a
substance that has molecules that are four times the mass of carbon-12 atoms, it would
have relative molecular mass of 48.

‘ Moles of different
compounds have different
Masses.
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6.02 x 10** molecules of this substance would therefore have a mass four times the
mass of the same number of carbon-12 atoms, 48 g. So to calculate the mass of a mole
of any substance, we simply express its relative molecular mass in grams. This gives
us a convenient way of measuring the amount of substance in terms of the number of
molecules rather than its mass.

Worked example

If a mole of carbon has a mass of 12g, how many atoms of carbon are there in 2 g?

Solution
One mole contains 6.02 x 10** atoms.
a1 :
2gis—ofamole so contains % x 6.02 x 10%° atoms = 1.00 x 10** atoms
Be careful with the Worked example
units. For example, do

all volume calculations
using mé.

The density of iron is 7874kg m* and the mass of a mole of iron is 55.85g. What is
the volume of 1 mole of iron?

Solution
or i mass
SHSEE= volume
' _ mass
VOME = Hensity
_ 005585
volume of | mole = 2874

=7.093 x 10°m’

=7.093cm’?

Q1. The mass of 1 mole of copper is 63.54g and its density 8920kgm .
(@) What is the volume of one mole of copper?
(b) How many atoms does one mole of copper contain?
(¢) How much volume does one atom of copper occupy?

Q2. Ifthe density of aluminum is 2700 kg m~ and the volume of 1 mole is 10cm?,
what is the mass of one mole of aluminum?
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Experiments in the physics lab are sometimes designed to reinforce theory.
However, real science is not always like that. Theories are often developed as a
result of observation and experiment. Given that gases are made of randomly-
moving tiny particles, it is not difficult to explain their properties. Deducing
that gases are made of particles from the properties of the gas is a much more
difficult proposition that will fortunately never have to be done again.

The gas laws are examples of how we investigate the relationship between two
variables while controlling all other factors.

The ideal gas

Of the three states of matter, the gaseous state has the simplest model. This is because
the forces between the molecules of a gas are very small, so they are able to move
freely. We can therefore use information about the motion of particles in A.1, A.2 and
A.3 sections to study gases in more detail.

According to our simple model, a gas is made up of a large number of perfectly elastic,
tiny spheres moving in random motion.

This model makes some assumptions:

*  The collisions between molecules are perfectly elastic.

*  The molecules are spheres.

»  The molecules are identical.

»  There are no forces between the molecules (except when they collide). This means
that the molecules move with constant velocity between collisions.

»  The molecules are very small; that is, their total volume is much smaller than the
volume of the container.

Some of these assumptions are not true for all gases, especially when the gas is
compressed (when the molecules are so close together that they experience a force
between them). The gas then behaves as a liquid. However, to keep things simple, we
will only consider gases that behave like our model. We call these gases ideal gases.

Defining the state of a gas

To define the state of an amount of matter, we need to give enough information so that
another person could obtain the same material with the same properties. If we were to
describe a 100 g cube of copper at 300K, we have stated how much and how hot it is,
and even its shape. Someone else would be able to take an identical piece of copper and
it would behave in the same way as ours. If, on the other hand, we were to take 100 ¢

of helium gas, then we would also need to define its volume since density can vary
depending on the container, and different volumes cause the pressure exerted by the
gas on its sides to vary.

Volume

The volume of a gas is simply the volume of the container. If we want to vary the
volume, we can place the gas in a cylinder with a movable end (a piston) as in Figure 6.

Nature of Science
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B.3 Figure 5 Molecules of
gas in random motion.
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B.3 Figure 6 Gas
molecules trapped in an
adjustable container.
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B.3 Figure 7 Kinetic energy >

is related to temperature.

How does a
consideration of the
kinetic energy of
molecules relate to the
development of the gas
laws? (A3)

B.3 Figure 8 Same
temperature, different gases.
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Temperature

Since gas molecules have no forces between them (except when colliding), no work
is done when they move around, which means that there is no energy associated
with their position. In other words, the molecules have no potential energy. The
temperature of a gas in kelvin is therefore directly proportional to the average kinetic
energy of a molecule.

3

Ek. mean 2 kT

where k is the Boltzmann constant, 1.38 x 1072 K™

3

If there are N molecules then the total kinetic energy of the gas = N x Ey 00 = 5NKT

A more convenient expression (because we are more often presented with the total
number of moles than the number of molecules) is By .01 = %nRT where R is the molar
gas constant and n is the number of moles. Higher kinetic energy implies higher
velocity so the molecules of a gas at high temperature will have a higher average
velocity than molecules of the same gas at a low temperature, as shown in Figure 7.

Q, 6*‘0}3’“‘@

g —
el ReEe—

low temperature, small average kinetic energy high temperature, large average Kinetic energy

Let us compare two gases, A and B, with molecules of different mass at the same
temperature. Applying Ey o1 = ;nRT, we can deduce that if temperature is the same,
then the average kinetic energy of the molecules will be the same. But E, = % mv? so:
! 21 2
7 MAVA™ = Mglg
my vy’
my vy
This means that if A has lighter molecules, the molecules in gas A must have higher
velocity, as represented by the red balls in Figure 8.

temperature =T temperature =T

low mass molecules. high velocity high mass molecules, low velocity



Pressure

Pressure at a surface is defined as the force per unit area, where the force acts
perpendicular to the surface:

_F
P=y

Pressure is measured in pascals (Pa), where 1 Pa is equivalent to 1Nm™,

When gas molecules collide with the sides of the container, their momentum changes.
This is because they have experienced an unbalanced force from the wall. According
to Newton’s third law, the wall must experience an equal and opposite force so will

be pushed out by the gas. This is why the piston must be held in place by the man

in Figure 9. The collective force from all collisions between particles and the walls is
responsible for the pressure a gas exerts on its container.

' <« B.3Figure9 Gas pushes

(} the piston to the right, so
é FG ./0‘% something must push it to
R‘ % * the left.
O Q‘ o I
2 o |

To understand how the pressure is related to the motion of the molecules, we can
consider the simplified version shown in Figure 10 where one molecule is bouncing
rapidly between the piston and the far wall of the cylinder.

. <« B.3Figure 10 One
molecule of gas.
m oo

O——— | |—

< L >

When the molecule hits the piston, it bounces off elastically. The magnitude of change
in momentum is therefore 2mv. The force exerted on the piston is equal to the rate of
change of momentum, which in this case is the change in momentum x rate of hitting |
the wall. The rate at which the molecule hits the wall depends on how long it takes for
the molecule to travel to the other end of the cylinder and back:

2L
time for molecule to travel to other end and back = -
betofhi b ==
number of hits per unit time = (Z—L] =57
v
v oom?
force on wall = rate of change of momentum = 2mv x AT

2
my
Since pressure is force per unit area, Py = AL where A is the surface area of the piston.

Because density is mass per unit volume, P, = pv*, this allows us to scale up this
derivation to containers with more than one molecule. So far, we have only considered
the forces acting on the piston. To relate the overall pressure across the entire container
to the average speed of the molecules, we must account for three dimensions and not
just one:

P=%pﬁ
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How can gas particles
with high kinetic energy
be used to perform
wark? (4.3)

When you make
changes to the state
of a gas, all three
quantities will change
unless one is kept
constant. This is a rather
artificial condition but
miakes modeling the gas
easier.

Keeping the
lemperature constant is
quite difficult because
when you push in the
piston, you do wark

on the gas, increasing
the kinetic energy of
the molecules and
hence increasing the
temperature. If the
compression is slow,
then the temperature
will have time to return
to the temperature of
the surroundings.

B.3 Figure 12 Reducing
the volume increases the
pressure.

Aworksheet with full
details of how to carry
oul this experiment is
available in the eBook.
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Gas laws

So the pressure is directly related to the square of the average speed of the particles and
therefore the temperature of the gas.

The force exerted by the gas on the
piston would cause the piston to
move outward unless there was a
force opposing it. In the lab, this
force is normally provided by the
air on the outside, which is also
made of molecules in random
motion as shown in Figure 11.

ﬁcf/,o\,\o";
o Q0o

B.3 Figure 11 Piston pushed by trapped gas on one
side and air an the other.

Y
e

Relationships between P, V, T and n

When dealing with relationships, we generally are concerned with two quantities, e.g.
distance and time, force and area, mass and volume. Here we have four variables, each
depending on each other. To make life easier, we can keep two constant and look at the
relationships between pressure and volume, pressure and temperature, and volume and
temperature. This will give three different relationships that are known as the gas laws.

The Boyle-Mariotte law (constant temperature and
number of moles)

The Boyle—Mariotte law states that the pressure of a fixed mass of gas at constant temperature is
inversely proportional to its volume.

po ]
v

As the volume of a gas is reduced, the gas will become more dense, because the
molecules are pushed together. The molecules will therefore hit the walls more often,
increasing the rate of change of momentum (while the area of the walls decreases) and
hence the pressure as shown in Figure 12.

of-‘/“f@'\o‘fﬁ: %/ __

The easiest way to test the relationship between pressure and volume is to compress a gas in a
syringe that is connected via some rubber tubing to a pressure sensor as in Figure 13. The range
of pressure will be limited to how much force you can apply but should be enough to show the
relationship.

Pressure sensor gas syringe

B.3 Figure 13 Apparatus to measure P and V

Boyle Mariotte law apparatus, P ‘ &



Graphical representation of the Boyle-Mariotte law pA

Since the pressure of a fixed mass of gas at constant temperature is inversely
proportional to its volume, a graph of pressure against volume will be a curve as
shown in Figure 14.

If the experiment was now repeated
with the same amount of gas at different
temperatures, the set of blue lines

<Y

shown in Figure 15 would be achieved.
Each line is called an isotherm. The
effect of increasing the temperature of

a fixed volume of gas is to increase the
pressure so we can see that the curves
further away from the origin are for
higher temperatures. The orange lines
on the graph represent the following gas
transformations:

B.3 Figure 14 Graph of P
vs V. A straight line through
the origin would be seen
if, instead, P was plotted

<« B.3Figure15 P sV for
different T.

I] constant temperature (isothermal)
JK  constant pressure (isobaric)
KL constant volume (isovolumetric)

We can describe each isotherm (at a constant number of moles) with the equation:
P,V, = P,V,. This is a simple rewriting of the inverse proportion relationship above, but
can be a more direct way to solve problems with just these two variables. When a gas is

compressed, work is
done on it. Work done

Gay-Lussac’s law (constant volume and number e s
of mOIGS) which is the area
under the P-V/ graph.
Gay-Lussac's law states that the pressure of a fixed mass of gas with constant volume is directly This makes this graph
proportional to its temperature in Relvin. particularly useful
when investigating the
PxT energy changes that a
gas undergoes when
As the temperature of a gas is increased, the average kinetic energy of the molecules transformed.

increases. The change in momentum as the molecules hit the walls is therefore greater
and they hit the walls more often as shown in Figure 16. According to Newton’s
second law, the force exerted = rate of change of momentum, so the force on the walls
increases and hence the pressure increases.

4 B.3 Figure 16 Pressure

Q, é -0 ﬁk@ | | 0\.@/ o—, | | increases with temperature.

increased temperature  —  increased kinetic energy  —  increased pressure
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PA

A

B.3 Figure 18 Graph of
PysT.
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thermometer — (-

pressure gauge

water

A A
Gay-Lussac’s law apparatus, B.3 Figure 17 Apparatus to measure Pand T.

A pressure sensor can be used in an experiment to show the relationship between pressure
and temperature. A flask of fixed volume is placed in a water bath as shown in Figure 17. A
temperature sensor measures the temiperature of the gas while a pressure sensor measures its
pressure. The temperature of the gas is changed by heating the water, and the pressure and
temperature are recorded simultaneously.

Graphical representation of Gay-Lussac’s law

Since pressure is proportional to temperature, a graph of pressure vs temperature for a
fixed mass of gas at constant volume will be a straight line as shown in Figure 18.

A If the experiment was repeated with
different volumes of the same amount

of gas, then the set of lines shown in

P

Figure 19 would be achieved, each

line representing a different volume.
Increasing the volume at constant
temperature (line CD) will make the
pressure lower so the less steep lines are
for larger volumes. The orange lines on
the graph represent the following gas
transformations:

AB  constant volume (isovolumetric)

A BC constant pressure (isobaric)

.3 Fi s T for different V. .
BXFIgUre19. Pys TR IRReRLY. CD constant temperature (isothermal).

We can describe each isovolume (at a constant number of moles) with the equation:
P\T, = P,T,. This is equivalent to the proportional relationship above.

Charles’ law (constant pressure)

Charles’ law states that the volume of a fixed mass of gas at a constant pressure is directly
proportional to its temperature in kelvin.

VT



As the temperature of a gas is increased, the molecules move faster, causing an increase

in pressure. However, if the volume is increased in proportion to the increase in
temperature, the pressure will remain the same. This is shown in Figure 20.

Q d o0 d
e/"\gi’m& — %8}0% = |a®

"o ]
e

increased temperature  —  increased kinetic energy  —  increased pressure  —  increased volume reduces pressure to original

@ To test the relationship between volume and theroetes
temperature, you need a narrow tube with \"“
the top end open and a small amount of aloy i
liquid that traps a sample of dry air, as
shown in Figure 21. Traditionally,
concentrated sulfuric acid was used to trap
the air because it absorbs water. However,
this might be against the safety regulations
in your country. If so, oil will do the job but ~ liquid to
might not give such good results. The trap air
temperature of the sample of air is changed —
by placing it in a water bath which is heated.
The temperature of the gas is then assumed
to be the same as the temperature of the
water, which is measured using a
thermometer. If we assume the tube has a !
uniform cross-section then, as the air
temperature is changed, the volume is
measured by measuring the length of the
cylinder of gas. At the start of the L
experiment, the pressure_of the gas = the heat T
pressure of the surrounding air. As the
temperature increases, the pressure also increases, pushing the bead up the tube increasing
the volume, causing the pressure to reduce until it is again equal to the pressure of the
surrounding air, We therefore assume the gas pressure is constant.

water —__|

Loy ol

Graphical representation of Charles’ law

Since volume is proportional to temperature, a graph of volume vs temperature for a
fixed mass of gas at constant pressure will be a straight line as shown in Figure 22.

vA

B.3 Figure 20 Constant
pressure expan sion.

The liquid will add a
little bit to the pressure.

‘ B.3 Figure 21 Apparatus o
measure T and (indirectly) V.

of force and momentum
link mechanics and
thermodynamics? (A 2)

& How does the concept

4 B.3 Figure 22 Graph of

\vwvie T
Vws i,
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B.3 Figure24 P Vand Tin
three dimensions.
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If the experiment was repeated with the
gas at different constant pressures, then
the set of lines shown in Figure 23 would
be achieved, each line representing a

different pressure. Reducing the volume
at a constant temperature (line GH) will
result in a higher pressure so the less
steep lines have higher pressure. The
orange lines on the graph represent the
following gas transformations:

EF  constant pressure (isobaric)

FG constant volume (isovolumetric)

B.3 Figure 23 Vv T for different P

GH constant temperature (isothermal).

We can describe each isobar (at a constant number of moles) with the equation:

The ideal gas equation

The relationship between pressure, volume and temperature can be expressed in one
equation:

PV =nRT
where n = the number of moles of gas and R = the molar gas constant (8.31]mol™' K1),

This can also be written as PV = Nk, T where N is the number of molecules and k;; is the
Boltzmann constant. These equations are used to determine one of the four variables
from the other three at a given instant.

When working with a changing container of gas (‘before and after’), we can say that
P,\V\T,n, = P,V,T n, (and simply cancel any quantities that remain constant).

Graphical representation of the ideal gas equation

This relationship can be represented on a graph with three axes as in Figure 24. The
shaded area represents all the possible states of a fixed mass of gas. No matter what you
do to the gas, its P, V, and T will always be on this surface for a given number of moles.
This is quite difficult to draw so the two-dimensional views shown before are used
instead.

P A




Worked example

The pressure of a gas inside a cylinder is 300kPa. If the gas is compressed to halfits
original volume and the temperature rises from 27 °C to 327 °C, what will its new
pressure be?

Solution
Using the ideal gas equation: PV =nRT
, PV
Rearranging: ~ = constant
PV PV
Sor 7 at the beginning = ——at the end
PV evinming < 200000 XV
7~ at the beginning = ——=-—
Vv
PV i
7 attheend =—=5
Vv
‘ v _Pxs
Equating: 300000 = 300~ 600

2
P =300000 x 600 *300

P=1200kPa

Q3. The pressure of 10m’ of gas in a sealed container at 300K is 250kPa. If the
temperature of the gas is changed to 350K, what will the pressure be?

Q4. A container of volume 2m’ contains 5 moles of gas. If the temperature of the
gasis 293K:
(@) what is the pressure exerted by the gas?
(b) what is the new pressure if half the gas leaks out?

Q5. A piston contains 250 cm® of gas at 300K and a pressure of 150 kPa. The gas
expands, causing the pressure to go down to 100 kPa and the temperature
drops to 250 K. What is the new volume?

Q6. A sample of gas trapped in a piston is heated and compressed at the same
time. This results in a doubling of temperature and a halving of the volume. If
the initial pressure was 100 kPa, what will the final pressure be?

Challenge yourself

1. Two identical flasks, each full of air, are connected by a thin tube on a day when
the temperature is 300 K and the atmospheric pressure 100 kPa. One of the
flasks is then heated to 400 K while the other one is kept at 300 K. What is the
new pressure in the flasks?

Temperatures must
be changed to kelvin
because we are
working with absolute
values rather than
changes.
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= jnR‘T is only true
for monatomic gases
such as helium, neon
and argon.

148

Internal energy of a gas (U)

We think of an ideal gas as being made of a large number of perfectly elastic spheres
moving in random motion. When the molecules collide, momentum and energy are
conserved, but between collisions, there is no force acting between them. This means
that no work needs to be done to change the position of a molecule. The molecules
therefore have no potential energy. The total kinetic energy of all the molecules is
called the internal energy of the gas.

Challenge yourself

2. Try to derive these relationships between kinetic energy and temperature by
combining the pressure—velocity relationship and ideal gas law described

previously in this chapter.

We know that the average kinetic energy of the molecules of a gas is proportional to
the temperature in kelvin.

Ey 1nean Of a molecule = %k’l‘
where k = Boltzmann’s constant = 1.38 x 1072 J K1,

. " 3
A mole of gas contains N, (Avogadro’s constant) molecules so the Ey o = EN,\kT.
Nk is also a constant, the universal gas constant = 8.31  mol ™' K™,

g 3
So, the total kinetic energy of one mole of gas = JRT.
Since the internal energy of a gas is the total kinetic energy, then for n moles we can say:
2 =3
internal energy, U =—nRT

When heat is transferred to a fixed volume of gas, it will increase the internal energy and
hence the temperature of the gas. If no heat is lost, we can say that:

Q=AU

Worked example

500] of thermal energy are transferred to 2 g of helium gas kept at constant volume
in a cylinder. Calculate the temperature rise of the gas.

Solution

The molar mass of helium is 4 g son = 0.5.

increase in internal energy = %nRAT = thermal energy added = 500 ]
x

Al = 05x&3r o8

Q7. Calculate the internal energy of 100 g of argon (nucleon number 40) at 300K.

Q8. Calculate the average kinetic energy of atoms of helium at 400K.



Real gases What other simplified

maodels are relied
upon to communicate
the understanding of
complex phenomena?
(NOS)

The assumptions we made when developing the model for an ideal gas do not fully
apply to real gases except when the pressure is low and the temperature high. At high
pressures and densities, the molecules can be close together so the assumption that
the volume of the molecules is negligible does not apply, nor does the assumption
about there being no forces between the molecules. What can also happen at low
temperatures is the gas can change into a liquid which, for obvious reasons, does

not behave like a gas. However, although no gas behaves exactly as an ideal gas, air at

normal room temperature and pressure comes pretty close, as experiments show.

‘ Nitrogen becomes a ligquid at

low temperatures,

Guiding Questions revisited

How are the macroscopic characteristics of a gas related to the behavior of

individual molecules?
What assumptions and observations lead to universal gas laws?

How can models be used to help explain observed phenomena?

In this chapter, we have combined the macroscopic properties of a gas in a container
with a microscopic understanding of kinetic theory to explain that:
» Pressure (the force per unit area at a surface) is increased when the average
speed of particles increases and/or the total container surface area decreases.
* Real gases at low pressures and densities and high temperatures can be modeled
as ideal gases, for which certain assumptions in kinetic theory apply.
* The Boyle—Mariotte law states that pressure and volume are inversely
proportional for a constant temperature and number of moles of gas.
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* Gay-Lussac’s law states that pressure and absolute temperature are proportional
for a constant volume and number of moles of gas.

s Charles’ law states that volume and absolute temperature are proportional for a
constant pressure and number of moles of gas.

* The ideal gas law is comprised of three empirical relationships and relates
pressure, volume, absolute temperature and number of moles.

* The internal energy of an ideal gas is related to the kinetic energy, but not to the
potential energy, of particles in a gas and therefore to the temperature of the gas.

Practice questions

1. A hotair balloon works because the density of hot air is less than the
surrounding cold air.

(a) The volume of a hot air balloon is 2500 m? and its mass is 250 kg
(without passengers). The temperature of the air in the balloon is 100 °C.

Density of airat 20 °C = 1.21 kg m™?
Average relative molecular mass of air = 29 g mol ™

(i) Calculate the volume of 1 kg of at 20 °C. (2)
(ii) Calculate the volume of 1 kg of air at 100 °C and hence show that

the density of air at 100 °C is 0.95 kg m™3. (3)
(iii) Calculate the mass of hot air in the balloon. (1)
(iv) Calculate the mass of cold air displaced by the balloon. (1)
(v) Determine whether the balloon will leave the ground or not. (2)

(b) (i) Calculate the average velocity of air molecules in the balloon

(assume the molecules behave as spheres). (2)
(ii) Calculate the number of moles in the balloon. (2)
(iii) Calculate the internal energy contained by the hot gas. (2)

(Total 15 marks)

2. (a) The atoms or molecules of an ideal gas are assumed to be identical
hard elastic spheres that have negligible volume compared with the
volume of the containing vessel.

(i) State two further assumptions of the kinetic theory of an ideal gas. (2)

(i) Suggest why only the average kinetic energy of the molecules of

an ideal gas is related to the internal energy of the gas. (3)
cylinder
ideal gas piston

(b) Anideal gas is contained in a cylinder by means of a frictionless piston.

At temperature 290 K and pressure 4.8 x 10° Pa, the gas has volume
9.2 x107* m?>.

(i) Calculate the number of moles of the gas. (2)
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(i) The gas is compressed isothermally to a volume of 2.3 x 107* m®.
Determine the pressure P of the gas. (2)
(iii) The gas is now heated at constant volume to a temperature of 420
K. Show that the pressure of the gas is now 2.8 x 10° Pa. (1)

(c) Sketch a pressure—volume (P-V) diagram for the changes in (b)(ii) and
(b)(ii). (3)
(Total 13 marks)

The equipment shown in the diagram was used by a student to investigate
the variation with volume, of the pressure p of air, at constant temperature.
The air was trapped in a tube of constant cross-sectional area above a
column of oil. The pump forces oil to move up the tube, decreasing the
volume of the trapped air.

air— 4
= | scale

H

(@) The student measured the height H of the air column and the
corresponding air pressure p. After each reduction in the volume, the
student waited for some time before measuring the pressure. Outline
why this was necessary. (1)

(b) The following graph of p Versus% was obtained. Error bars were
negligibly small. Error bars were negligibly small. The equation of
the line of best fitisp=a + %. Determine the value of b including an
appropriate unit. (3)

4

p/10°Pa

34

(c) Outline how the results of this experiment are consistent with the ideal
gas law at constant temperature. (2)
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192

(d) The cross-sectional area of the tube is 1.3 x 10 m? and the
temperature of air is 300 K. Estimate the number of moles of air in the
tube. (2)

(e) The equation in (b) may be used to predict the pressure of the air at

extremely large values of % Suggest why this will be an unreliable
estimate of the pressure. (2)

(Total 10 marks)
Which aspect of thermal physics is best explained by the molecular kinetic
model?
A The equation of state of ideal gases
B The difference between Celsius and kelvin temperature
C  The value of the Avogadro constant
D The existence of gaseous isotopes (Total 1 mark)
A quantity of 2.00mol of an ideal gas is maintained at a temperature of
127 °Cin a container of volume 0.083 m?®. What is the pressure of the gas?
A 8kPa B 25kPa C 40kPa D 80kPa

(Total 1 mark)

Two ideal gases, X and Y, are at the same temperature. The mass of a
particle of gas X is larger than the mass of a particle of gas Y. Which is
correct about the average kinetic energy and the average speed of the
particles in gases X and Y?

Average kinetic energy Average speed

& larger for Y larger for Y
B same larger for Y
C same same
D larger for Y same

(Total 1 mark)

A substance in the gas state has a density about 1000 times less than when
itis in the liquid state. The diameter of a molecule is d. Which is the best
estimate of the average distance between molecules in the gas state?

A d B 10d C 1004 D 10004

(Total 1 mark)

Anideal gas and a solid of the same substance are at the same temperature.
The average kinetic energy of the gas molecules is E_ and the average
kinetic energy of the solid molecules is £. What is the comparison between
E andE?

A E islessthan E

B E equalsE



O

10.

11.

C  E isgreater than E
D The relationship between E_ and E cannot be determined
(Total 1 mark)

Two flasks, P and Q, contain an ideal gas and are connected with a tube

of negligible volume compared to that of the flasks. The volume of P is
twice the volume of Q. P is held at a temperature of 200 Kand Q is held at a
temperature of 400 K. What is ratio of gileigaint g

massof gasin Q

=
=

m

B

D 8
(Total 1 mark)

0 | —

Q and R are two rigid containers of volumes 3V and V respectively,
containing molecules of the same ideal gas initially at the same
temperature. The gas pressures in Q and R are p and 3p respectively. The
containers are connected through a valve of negligible volume that is
initially closed. The valve is opened in such a way that the temperature of
the gases does not change. What is the change of pressure in Q?

Q

3V
A+ :‘2 :.E =
P B 5 C 2 D -p

(Total 1 mark)

(a) A closed box of fixed volume 0.15 m? contains 3.0mol of an ideal
monatomic gas. The temperature of the gas is 290 K. Calculate the
pressure of the gas. (1)

(b) When the gas is supplied with 0.86Kk] of energy, its temperature
increases by 23 K. The specific heat capacity of the gas is 3.1kJ kg 'K™".

Calculate, in kg, the mass of the gas. (1)

(c) Calculate the average kinetic energy of the particles of the gas. (1)
(d) Explain, with reference to the kinetic model of an ideal gas, how an

increase in temperature of the gas leads to an increase in pressure. (3)

(Total 6 marks)



Current and circuits
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<« The Orkney islands experience high winds, waves and and ocean tides, and there is ample land (and
sunlight in summer) available for solar cells. Residents require less electricity than can be generated by
these renewable means. The only problem is reliability.
The solution? Large-scale batteries have been installed to store excess electrical energy and even ta ™
generate income for residents who sell the electricity generated on their land to the UK's national grid.

How do charge particles flow through materials?

B4 1s not included as it
is for HL students only.

How are the electrical properties of materials quantified?

What are the consequences of resistance in conductors?

It may seem strange to include electrical circuits in the section on particles. Whole
circuits do not fly through the air in parabolic paths, reside in the atmosphere or
interact with pressure and volume (or at least they should not). However, electrical
current in conductors is due to the flow of electrons. Electrons are particles that follow
parabolic paths when traveling in uniform fields.

There are two main themes in physics: waves and particles. When a stone is thrown
into a pond, a water wave spreads out in a circle. Unless the energy is focused (e.g. laser
light), the amount of energy transferred from the stone to a point at the edge of the
pond is much less than the original energy transferred to the water. In contrast, if a
particle travels between A and B without making a collision, all of the energy it had at
A will arrive at B.

When studying gases, we looked at the microscopic motion of the molecules, then at a
more general picture of energy changes. We will do the same thing here — first looking
at the microscopic interaction between electrons and lattice atoms and then at some
rules to solve problems that relate to the macroscopic quantities of current, resistance
and potential.

Students should understand:

cells provide a source of emf

chemical cells and solar cells as the energy source in circuits

circuit diagrams represent the arrangement of components in a circuit

A
direct current (DC) 1 as a flow of charge carriers as given by I = T‘f

the electric potential difference V is the work done per unit charge on moving a positive

charge between two points along the path of the current as given by V= %

the properties of electrical conductors and insulators in terms of mobility of charge carriers

electric resistance and its origin

; ; 5 %
electrical resistance Ras givenby R =7

o i ; RA
resistivity as given by p =7~

Ohm's law
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The charged particles
responsible for current
in dissolved salts are
ions. Can you think of
any other alternatives?

What are the parallels
in the maodels for
thermal and electrical
conductivity? (NCS)

How are the fields in
other areas of physics
similar to and different
from each other? (A1,
BS, D1,D2)
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Current and circuits

the ohmic and non-ohmic behavior of electrical conductors, including the heating effect of
resistors

! o . y oy ot SV
electrical power P dissipated by a resistor as givenby P =1V =R ="

the combinations of resistors in series and parallel circuits

Series circuits Parallel circuits

I=E=1=. e B

VEV+ Ve et T

R=R +R+... %=L+L+__
p o &

electric cells are characterized by their emf ¢ and internal resistance ras given by e = /(R + r)

resistors can have variable resistance.

Simple circuits

Electrical current in conductors is due to the flow of small particles called electrons.
Electrons have charge, which causes them to repel each other (because the charges are
the same type). Pushing electrons together requires work, and this work is converted to
electrical potential energy (which you will learn more about in D.2). However, you do
not need to know anything about charges and fields to understand circuits if we use an
analogy.

A simple circuit consists of a wire connecting the terminals of a cell (this is actually a
short circuit). When the wire is connected to the cell, a circuit is formed and current
flows in the wire. Current is defined as the rate of flow of charge and can be measured
in amperes (A):
LY

I At
Let us consider an analogous situation. Here, we have a container full of balls and
an empty container. To get the balls to move from A to B, we need to connect the
containers with a pipe, and lift container A (or lower container B) so that the balls roll
down the hill.

The height difference between A and B is an analogy for the potential difference in
the circuit. This difference is key to understanding the relationship between potential
difference and current; a great height is meaningless if the balls are no higher than
the next container. Potential difference is defined as the work done per unit charge
passing between two points and is measured in volts (V):



To produce a continuous flow of particles, we need to lift the balls back up to the start.
Let us imagine that we do this with an escalator.

A

B.5 Figure 3 An escalator ensures that the balls can continue 1o flow.

So, the pipe represents the wires and the escalator the cell. The current is the rate of flow
of the particles and is dependent on the height difference between the two containers and
the diameter of the pipe. But there is more to it than that. If we make an electric circuit,
the wire gets hot, which means that the atoms in the wire are being made to vibrate
more. If we add atoms to our wire analogy, we can see how this takes place.

As the particles move through the wire, they collide with the atoms (green balls),
increasing their kinetic energy. More green balls will mean more collisions and less
current. We say that the wire has resistance to the flow of particles. From an energy
perspective, the particles are given potential energy by the battery, which is transferred
to the kinetic energy of the atoms.

In the analogy, we can represent this by replacing the pipe with stairs. As the balls
bounce down the stairs, they lose energy. If you have ever fallen down the stairs, you will
know that you do not accelerate; you roll down with constant velocity. This is the same
for the electrons. Although they accelerate between collisions, their average speed is
constant all along the wire. The current leaving the cell equals the current into it.

energy out

A

B.5 Figure 5 Average speed is constant across both energy changes,

The current varies with both the cross-sectional area and length of the pipe and is
also affected by the nature and density of the atoms. We represent resistors with a
rectangular symbol.

A complete circuit consists of at least one source of electrical energy (e.g. a cell) and
one resistor,

< B.5Figure 2 Balls flow from

box A to box B when there is
a height difference between
them.

In what ways can

an electrical circuit
be described as a
system like the Earth's
atmosphere? (B.2)

o 0,0 0 o
‘9 0°0 o
A

B.5 Figure 4 Atoms impede
the flow of charged particles.

How does a particle
model allow electrical
resistance to be
explained? (NOS)

—1
A

B.5 Figure 6 Resistor
symbol.

B.5 Figure 7 Circuit
diagram consisting of a cell
and resistor.
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—
@ 0,0 0 0
‘0 0°0 ©

A

B.5 Figure 8 Conventional
current and electron flow are

in opposite directions.

When the current

is in one direction,
as in this case, it

is termed direct
current (DC). When
it changes direction,
it is termed

alternating current
(AC).
| ;
l-
h i
A

A resistor is a component

—a

with a known resistance. You
can work out the resistance

from the colors.

Area = ar’

where radius
=%x2mm
= 0001 m

Connecting wires
have some resistance..
However, they are
made of a good
conductor, so this
resistance is normally
much less than the
resistance of other
components and can
normally be ignored.
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Because electrons have a negative charge, they flow from low potential to high
potential. This is like particles rolling uphill. However, it is easier to consider particles
rolling downhill, which in electricity is equivalent to the flow of charges (current)
being from high potential to low potential. We refer to this as ‘conventional current’.
We will always consider conventional current in our calculations, but remember that
the electrons are actually flowing in the opposite direction. There is no mathematical
difference to worry about, as current has a constant value in a single loop of circuit.

Resistance

The amount of current flowing through a particular

. . . Cross-
conductor is related to the potential difference across -
sectional
it. A good conductor will allow a large current for a edA

given potential difference whereas a poor conductor
" a Vew
will only allow a small current. The ratio is defined 4

as the resistance. B.5 Figure 9 Dimensions of a
conductor,

«— length L —

The unit of resistance is the ohm (Q).

Resistivity
Resistance R is related to cross-sectional area A, length L, and the material:
s
A
The constant of proportionality is called the resistivity (p).
So: R= =
o: =P3
O ¢ _RAy =
By rearranging R = p -, we get p == (units Qm).

From this, we can deduce that if the length of a sample of material is 1 m and the cross-
sectional area is Im?, then p = R. You can probably imagine that the resistance of such
a piece of metal will be very small — that is why the values of resistivity are so low (e.g.
for copper p=1.72 x 10 Qm).

Worked example

The resistivity of copper is 1.72 x 10-8Qm. What is the resistance of a 1 m length of
2mm diameter copper wire?

Solution

cross-sectional area = 7 (0.001)2

=3.14 x 10 m?

_—

'_—p.—
Ao

=172>107 %3 14 x 106

=0.0055Q



Q1. Nichrome has a resistivity of 1.1 x 10 @m. Calculate the diameter of a 2m
long nichrome wire with resistance 5.

Q2. Calculate the resistance of a copper cable (resistivity 1.7 x 107*Qm) of length
2km and diameter 0.2 cm.

Ohm'’s law

Provided that temperature remains constant, the resistance of many conductors is
constant. Such conductors are said to be ohmic and obey Ohm's law:

The current through an ohmic conductor is directly proportional to the potential difference across it
provided that the temperature remains constant.

This means that if we know the resistance of a component, we can calculate the
potential difference V required to cause a current I to flow through it using the
equation:

V=IR

Worked example

If the potential difference across a 3 Q resistance is 9V, what current will flow?

Solution
From Ohm'’s law: V=IR

Rearranging: I'=

le=| <

1=

Il

g

A

Graphical treatment of Ohm’s law
Ohmic conductor

Since V o« I for an ohmic conductor, a graph of I against V will be a straight line.

: ; v
In Figure 10, resistance = T 2Q
Non-ohmic conductors
Not all conductors obey Ohm'’s law. I-V graphs for these conductors will not be
straight. A light bulb filament is an example of a non-ohmic conductor.

1 -

In Figure 11, the resistance at the start is ?Q (0.33Q), and at the end it is 7!.2 (0.57 Q).
The reason for this is that as current flows through the light bulb, electrical energy is
transferred to thermal energy, resulting in an increased temperature and leading to
an increase in resistance. Electrical energy is of course transferred to thermal energy
in all resistors, but if the rate of thermal energy production is not too high, it will be
transferred to the surroundings rather than causing significant temperature change.

The reason that
temperature affects
resistance is because an
increase in temperature
means increased lattice
vibrations, resulting

in more collisions
between electrons

and the lattice.
However, increasing
the temperature of a
semiconductor leads

to the liberation of
more free electrons,
which results in a lower

resistance.
LA
e .
6V v
B.5 Figure 10 Chms law is
obeyed.
I &
;7 T SE—
3A-F- :
O T ""/
1V 4V
B.5 Figure 11 Ohm’s law is
not obeyed.
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Resistance is defined as
the ratio of—lf_ MNote that
this is not the same as a

rate of change.

In A1 Kinematics,

we determined
acceleration from a
velocity-time graph
using the gradient. To
find the resistance of
a companent from

a current-potential
difference graph,
however, we divide the
potential difference
value by the current
value at a given point.

What are the advantages
of cells as a source of
electrical energy? (A.3)

zine copper
N _—
|
4 [ 2 + | <
o1 .
. + e
+ LI ISR o+
+ - : + - 2
- . + - - . +
|t .
\ g
\
acid

B.5 Figure 12 A simple cell.

160

Current and circuits

Q3. Ifapotential difference of 9V causes a current of 3mA to flow through a
wire, what is the resistance of the wire?

Q4. A current of 1 nA flows through a 300kQ resistor. What is the potential
difference across the resistor?

Q5. If the potential difference across a 600Q resistor is 12 Q, how much current
flows?

Q6. Table 1 shows the potential difference and current through a device called a
thermistor. Calculate the resistance at these different potential differences.

<« Table1

Potential ‘ Current/A

difference/V

1.0 0.01

10.0 0.10
25.0 1.00

Nature of Science

When an ammeter or voltmeter is connected to a circuit, it changes the
current flowing. It is important to take this into account when analyzing data
from experiments.

When drawing electrical circuits, we use universal symbols, with one or two
alternatives, that can be understood throughout the world.

Electric cells and batteries

An electric cell is a device that uses the energy stored in chemicals to arrange charges
in such a way that a potential difference is created that can be used to cause a current
to flow in a conductor. Chemical energy is the energy associated with molecules.
When chemical reactions take place, this energy can be transferred to other stores;
for example, when coal burns, the molecules of coal and oxygen recombine in a way
that has less potential energy. This potential energy is transferred to the kinetic energy
of the new molecules, resulting in a rise in temperature. Chemical energy is actually
electrical potential energy: molecules are simply charged bodies arranged in such a
way that they do not fly apart. If they are reorganized so that their potential energy
decreases, then energy is released. What is happening in a cell is that, by reorganizing
molecules, energy is used to separate the positive and negative charges. One way this
can be done is in the so-called simple cell (Figure 12), which can consist of zinc and

copper plates dipped into acid, for example.

When metals are put into acid (e.g. sulfuric acid), they react to give bubbles of
hydrogen. While this is happening, the metal reacts with the acid. When the metal
atoms react, they do not take all their electrons with them: this leaves them positively
charged (they are called positive ions). The electrons remaining give the metal plates
a negative charge. Since zinc reacts faster than copper, it gets more charge, resulting in



a potential difference. The chemical energy of the metal and acid has been transferred
to electrical potential energy. A zinc plate is more negative than a copper plate and

so will have a lower potential. When connecting a battery, we often refer to the ends
as positive and negative. However, they could be both negative, as in this case. The
important thing is to realize that they have different potentials, not different charge.

long side — short side —
high pote miﬁl\l '/ low potential
| I

The simple Cu—Zn cell produces a potential difference of about 1 V. Even though each
side is at a negative potential, it is convenient to take the low side to be 0V, called
ground or earth, and the high side to be 1 V. A battery is a row of cells. However,

the word battery is often used to mean anything that transfers chemical energy to
electrical energy. There are many different types and sizes of cell but all work on the
same principle.

Internal resistance

The internal components of a cell have resistance. This internal resistance is due to
the resistive components of the cell but there is also resistance due to the changing
chemical composition. This means that the internal resistance can vary depending on
how long the cell is used for.

When current flows from the cell, some energy is lost. This resistance is represented

in circuit diagrams by placing a small resistor next to the symbol for a cell. In some
examples, we will consider cells with zero internal resistance, but this is not possible in
reality.

Emf (¢) and terminal potential difference

The emf of a cell is the work done per unit charge taking the charges from the low
potential to the high potential. The energy to do this work has been transferred from
the chemical energy so the emf of the cell is the amount of chemical energy transferred
to electrical potential energy per unit charge.

The unit of emfis the volt (V). Note that ‘emf” stands for electromotive force, but as this
is misleading in terms of units, we tend to use the abbreviation.

If no current flows, then there will be no potential drop across the internal resistance.
The potential difference across the terminals of the cell (terminal potential
difference) will equal the emf. However, if current flows, the terminal potential
difference will be less than the emf.

Discharge of a cell

If a simple cell is not connected to a circuit, charges will be moved to the position

of high potential until the force pushing them is balanced by the repulsive force of

the charges already there. This occurs at about 1 V. If the cell is now connected to a
resistance, charge will flow from high potential to low potential. As this happens,
more charges will be added to the high potential, maintaining the terminal potential
difference at 1 V. The cell is said to be discharging. This continues until all the chemical
energy is used up, at which point the potential difference starts to get less.

<« B.5Figure 13 The symbol

for a cell makes a lot of
sense; the side that is at the
highest potential has the
longest line.

A cell that cannot be
recharged Is termed
a primary cell; a
rechargeable cell is a
secondary cell.

=

B.5 Figure 14 The symbol
for a cell includes a resistor
rnexttot

e cell to show

internal resistance.

work done = W

=Q
o)

B.5 Figure 15 & - %

As a cell discharges
(runs out) its internal
resistance increases,
resulting in a lower
terminal potential
difference.
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You can measure the
terminal potential
difference of a cell as

it discharges through

a resistor by using a
voltmeter connected
across the terminals

of the cell. However,
the cell should not be
discharged too rapidly,
which means the
experiment might take
a long time. If you use
a voltage sensor and
computer interface,
you could leave the cell
to discharge on its own.

B.5 Figure 16 Potential
difference vs time for different
cells discharging showing
how the terminal potential
difference is almaost constant
far the life of the cell.

B.5 Figure 17 A simple AC
generator.
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Generators

A generator consists of a coil rotating in a magnetic field. As the coil rotates, the
magnetic flux enclosed by the coil changes, which induces an emf'in the coil. The
current flowing in the coil also creates a magnetic field that interacts with the field
causing it. This causes a force that opposes the motion of the coil, which means that to
move the coil at constant speed, some force has to be applied, for example, by someone
turning the handle in the diagram. As the handle rotates, the point of application of
the force moves in a circle; work is therefore done. In this way, mechanical energy is
transferred to electrical energy. The amount of energy transferred per unit charge is the
emf of the generator.

handle

resistor

The force applied usually comes from a turbine, which in turn could be a result of
combustion of fossil fuels to boil water (B.2), hydroelectric power (A.3) or nuclear
energy (E.4).

Photovoltaic cell

The photovoltaic cell is a semiconductor device based on a PN junction that transfers
solar energy directly to electrical energy. A PN junction is a slice of semiconductor where
one side has been doped with impurities with holes and the other side impurities with
electrons. At the junction between the N and P, the electrons and holes migrate to give a
region of electric field as shown in Figure 18,



< B.5Figure18 A PN
junction,

Solar panels are
positioned so that
they absorb maximum
sunlight in the middle
of the day. On the
equator, the Sun is
directly overhead at
midday, so the panels.
are placed horizontally,
Light incident on the N-type semiconductor can cause more free electrons to be but in other countries,
emitted by a process known as the photovoltaic effect. The electric field at the the position of the
junction traps the electrons on this side, creating a potential difference across the slice. Stirs changes vith

the seasons, so a
If connected to a circuit, current will flow. Figure 19 shows the different parts of the compromise has to be
photovoltaic cell. Notice the top contact does not cover the whole top, leaving space made. In countries with
for the light to get to the PN junction. Silicon is very shiny so an anti-reflective layer is less sunshine (lots of
added to reduce energy loss by reflection. Light reflecting off the top layer of this very couds) the position

is not so important
thin film undergoes a phase change of = whereas light reflected off the bottom layer Eezz uzz lﬂ'r;:epsczmzlii;ht

depletion layer
(electrons fill holes)

does not. The reflected light therefore interferes destructively, reducing energy loss. does not come from
one direction (it is said
- top contact mc1der31 ” ref] ect\ed to be diffuse).
T — - >4 ’ ~ N
elass cove = { ( ( )
anti-reflective ) } Y
layer L of b e 5
. 2 %
( ( ( )
PN junctio \ \\ A o
) ( <« B.5Figure19 A
z phaotovoltaic cell with detail
Boti: camic anti-reflective coating of anti-reflective coating.

Simplest circuit

When a resistor is connected across the terminals of a cell, current will flow from high
potential to low potential. Charges are given electrical energy by the cell, which is
then transferred to thermal energy in the resistor. We can think of this as being like a
shopping center with stairs and escalators. Shoppers are taken up from ground level
to the first floor (given potential energy) by the escalators and then come down (lose
potential energy) by the stairs.

up the escalator

. chemical
clegtrlca] E, £l energyto
to heat electrical E,

<« B.5Figure 20 Thesim plest
I circuit and equivalent
N shopping center.
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B.5 Figure 21 A circuit with P>

nternal resistance.

If the resistance
connected ta the cell
is very small, then the

current will be large.
This means that maost
of the electrical energy
is transferred to heat
inside the cell so the
cell gets very hot. This
is why you should not
connect a wire between
the ends of a cell. You
can, however, try this
with the PhET® circuit
construction kit,
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Since energy is conserved, we can say that when a unit charge flows around the
circuit, the amount of chemical energy transferred to electrical energy = the amount
of electrical energy transferred to thermal energy. In other words, emf = potential
difference. In the shopping center, this would translate to ‘the height you go up by the
escalator = the height you come down by the stairs’.

We can write this statement as an equation: =V = IR

Worked example

If the emf of a battery is 9V, how much energy is transferred from chemical to
electrical when 2 C of charge flow?

Solution

emf = energy transferred from chemical to electrical per unit charge

energy converted  =2x9]
=18]

Worked example

What is the potential difference across a resistor if 24] of heat are produced when a
current of 2 A flows through it for 10s?

Solution
2Afor10s=2x10C =20C of charge

: 24
If 20 C of charge flows, then the energy per unit charge = 20 V=12V

The not-so-simple circuit

The previous example did not include the internal resistance of the cell. In the shopping
center, the escalator is still the same height but now there is a short stairway down before
you reach the first floor. In terms of the circuit, some energy is lost as heat before the
charge leaves the cell.

Applying Ohm’s law to the internal resistance, the potential difference across it will be Ir.

From the law of conservation of energy, when a certain charge flows, the amount of
energy transferred from chemical to electrical equals the amount transferred from
electrical to thermal.

e=IR+Ir



Rearranging this formula, we can get an equation for the current from the cell.

I=R%7

Worked example

A cell of emf 9V with an internal resistance 1Q is
connected to a 2Q resistor, as shown in Figure 22. 14
20
How much current will flow? -FV
I
Solution
£
[=R+r
2

I=2+

T 3A
What is the potential difference across the 2Q resistor?

V=IR

V=3x2=6V

Q7. Acurrent of 0.5 A flows when a cell of emf 6 V is connected toan 11Q
resistor. What is the internal resistance of the cell?

Q8. A 12V cell with internal resistance 1Q is connected to a 23 Q resistor. What is
the potential difference across the 23 Q resistor?

Electrical power

Just as in mechanics, electrical power is the rate at which energy is transferred from
one store to another.

Power delivered

In a perfect cell, the power is the amount of chemical energy transferred to electrical

energy per unit time.

If the emf of a cell is &, then if a charge q flows, the amount of energy transferred from
chemical to electrical is £q.
e

If this charge flows in a time t, then the power delivered =

But: % = current, |

So: power delivered = el

In a real cell, the actual power delivered will be a bit lower, since there will be some
power dissipated in the internal resistance.

Always start by drawing
a circuit showing the
guantities you know
and labeling the ones
you want to find.

The electrical energy
used at home is
measured in kilowatt-
hours. This Is the
amount of energy used
by a 1 kilowatt heater
switched on for 1 hour.
When the electricity bill
comnes, you have to pay
for each kilowatt-hour
of energy that you have
used.

Since TW =157

1 kilowatt-hour = 1000
x 60 % 60

1kWh =3.6x10°)
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The kilowatt-hour is
often wrongly called
kilowatts per hour'.
This is because people
are used to dealing
with quantities that are
rates of change like
kilometers per hour.

How can the heating of
an electrical resistor be
explained using other
areas of physics?
(A.3,B.1)
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Power dissipated

The power dissipated in the resistor is the amount of electrical energy transferred to
thermal energy per unit time.

Consider a resistance R with a potential difference V across it. If a charge q flows in

timet, then the current, = 4.
t

The potential difference, V, is defined as the energy transferred to heat per unit
charge g, so the energy transferred to heat in this case = V.

: o L
Power is the energy used per unit time, so P = T

But%= IsoP=VI.

Worked example

If a current of 2 A flows through a resistor that has a potential difference of 4V
across it, how much power is dissipated?

Solution
P=VIiwhereV=4VandI=2A

P=4x2W
=8W

Worked example

What power will be dissipated when a current of 4 A flows through a resistance of 55Q?

Solution

Using Ohm's law: V =IR
=4x55
=220V

P=VI
=220 x 4
= 880W

Alternative ways of writing P = VI

In the second worked example, we had to calculate the potential difference before finding
the power. It would be convenient if we could solve this problem in one step. We can
write alternative forms of the equation by substituting for and V from Ohm’s law.

We have shown that: power, P = VI
But from Ohm’s law: V = IR
If we substitute for V, we get: P= IR x = ’PR
We can also substitute for [ = g
V=V - E

SO:P=V><I=T R



Q9. 5 A flows through a 20Q resistor.
(a) How much electrical energy is transferred to heat per second?
(b) If the current flows for one minute, how much energy is released?

Q10. If a cell has an internal resistance of 0.5V, how much power will be dissipated
in the cell when 0.25 A flows?

Q11. A current of 0.5 A flows from a cell of emf 9V. If the power delivered is 4 W,
how much power is dissipated in the internal resistance?

Electric kettle (water boiler)

An electric kettle transfers the heat produced when current flows through a wire
element to the water inside the kettle.

Worked example

A current of 3 A flows through an electric kettle connected to the 220V mains.
What is the power of the kettle and how long will it take to boil 1 liter of water?

Solution
power of the kettle = VI =220 x 3= 660 W
To calculate energy needed to boil the water, we use the formula:
heat required = mass » specific heat capacity x temperature change
specific heat capacity of water = 4180 J kg ' °C™!

The mass of 1 liter of water is 1 kg, so if we assume that the water was at room
temperature, 20°C, then to raise it to 100°C the energy required is:
1 x 4180 = 80 =334400]

ener ener
power = — gy, so the time taken = i 4
time power
_ 334400
© 660

time = 506.67 s
= 8 minutes 27 seconds

The light bulb

If the power dissipated in a wire is large, then a lot of heat is produced per second. When
heat is added quickly, the wire does not have time to lose this heat to the surroundings.
The result is that the temperature of the wire increases, and if the temperature is high
enough, the wire will begin to glow, giving out light. Only about 10% of the energy
dissipated in an incandescent light bulb is transferred to light — the rest is heat.

This is quite a low-
powered electric kettle.

The electric circuits in a
house are organized in
rings. Each ring consists
of three cables going
around the house and
back to the supply.
Sockets are connected
to the live cablein
parallel with each other.
Each ring has its own
circuit breaker, which
will cut the power if the
current gets too big.

Fluorescent tubes and
light-emitting diodes
(LEDs) are much

more efficient than
incandescent light
bulbs, transferring most
of the electrical energy
to light.
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A battery-powered car.

168

The electric motor

A motor transfers electrical energy to mechanical energy. This could be potential
energy if something is lifted by the motor, or kinetic energy if the motor is accelerating
something like a car.

Worked example

An electric motor is used to lift 10kg through 3m in 5 seconds. If the potential
difference across the motor is 12V, how much current flows (assuming no energy
is lost)?

Solution

work done by the motor = mgh
=10x10x3 =300]
work done
time
300
5

=60W

power =

electrical power, P=1Vsol= v
_ 60 5A
=

Q12. An electric car of mass 1000kg uses twenty-five 12V cells connected together
to create a potential difference of 300V. The car accelerates from rest to a

speed of 30ms" in 12 seconds.

(a) What is the final kinetic energy of the car?

(b) What is the power of the car?

(¢) How much electrical current flows from the battery?

Q13. What assumptions have you made in calculating Q12. (a)—(c)?

Q14. A light bulb for use with the 220 V mains is rated at 100 W.
(a) What current will flow through the bulb?

(b) If the bulb transfers 20% of the energy to light, how much light
energy is produced per second?

Q15. A 1kW electric heater is connected to the 220 V mains and left on
for 5 hours.

(@ How much current will flow through the heater?
(b) How much energy will the heater release?



Combinations of components

In practical situations, resistors and cells are often joined together in combinations, for
example, fairy lights, flashlight batteries.

There are many ways of connecting a number of components. Here we will consider
two simple arrangements: series and parallel.

Resistors in series

In a series circuit, the same current flows through each resistor.

v P
Vi .V
— —t - -
R, R,
The combination could be replaced by one resistor.
V
—————
—
R

Applying the law of conservation of energy, the potential difference across R, plus
the potential difference across R, must be equal to the potential difference across the
combination.

Vi+V,=V

Applying Ohm’s law to each resistor: IR, +IR,=IR

Dividing by I: R, +R,=R
Worked example
What is the total resistance of a 4Q —_—] — =
and an 8 Q resistor in series? 40 8Q
Solution

total resistance =R, +R,
=4+8
=12Q

Resistors in parallel

In a parallel circuit, the current splits in two.

series

— 1+

parallel

A

B.5 Figure 22 Two simple
combinations of resistors.

B.5 Figure 23 Two resistors

in series are similar to two

| flights of stairs.

These colored lights are
connected in series. If yau
take one out, they all go out.

‘ B.5 Figure 24 Resistors in
parallel are similar to stairs

side by side.
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Applying the law of conservation of charge, we know that the current going into a
junction must equal the current coming out.

I= Il + Iz
‘ . .V v
Applying Ohm’s law to each resistor gives: = o+ —
1 R R, &

1 1
Dividing by :E R + R
1 2

Worked example

What is the total resistance of a 4Q and an 8 Q resistor in parallel?

Solution
1 1 1
— =
R R, R, 8Q
1 1 1
R 4 8
_2+1_3 —1 =
- 8 8 40
R“SQ
"3

The total resistance Worked example
of two equal resistors
in parallel is half the

_ What is the total resistance of two 8 Q
resistance of one of _|:|_

: i S
thiar. resistors in parallel?

Solution

| =

1l
12| oo oo| — _pu|._.
+
-
(=]

= == =
1l
oo| M

A o
®
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Q16. Calculate the total resistance for the circuits in the figure below.

@) 160 (b) 8Q 8Q
—
- I —
B Q 14 Q 20
() (d) 16Q

Investigating combinations of resistors in parallel and
series circuits

The simplest way to measure the electrical resistance of a component is to use a
multimeter. This actually measures the current through the component when a known
potential difference is applied to it; the resistance is then calculated and displayed. Try
connecting various combinations of resistors in different combinations. Calculate

the combined resistance using the equations for series and parallel resistors then

check your calculation by measurement. You need to make sure that the resistors are
connected properly; this is best done by soldering. If you do not have the necessary
equipment, then you can simulate the circuit with a custom built sim such as the PhET
circuit construction kit.

Note that not all combinations of resistors can be solved using the series and
parallel equations.

= . H .
Cells in series =
Cells are often added in series to obtain a larger emf. A

B.5 Figure 25 Cells in series
e=gte; are similar to two flights of

escalalors.
Worked example

Two 12V cells are connected in series to a 10 Q resistor. If each cell has an internal
resistance of 1, how much current will flow?

Solution \|_| 1Q _“_| 19
total emf for two cells in series

1 12v 12V
=12+12=24V

10Q
total resistance=1+1+10=12Q

Applying Ohm’s law: I=
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B.5 Figure 26 |dentical cells >
n parallel.

B.5 Figure 27 Different cells >
in parallel.

Dial used to

change from

voltmeter to
ammeter.

A

B.5 Figure 28 A multimeter
is @ common instrument that
can measure both potential
difference and current. It can
also measure resistance.
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Cells in parallel

When two identical cells are connected in parallel, the emf across the combination is
the same as the emf of one cell (Figure 26).

If the cells are different, then it is not so simple. In fact, if we were to connect two

cells with different emfs and zero internal resistance, we would not be able to solve
the problem of how you can have two different emfs depending on which cell you
consider. This would be like having two different height escalators going between the
same two floors, and that is not possible unless you connect a short staircase between
them. This is where internal resistance comes in.

£

As can be seen in the shopping center model in Figure 27, the potential drops over the
internal resistance of the big escalator, and goes up over the internal resistance of the
small one. This means that a current is being forced to flow into the smaller cell. This is
what happens when a rechargeable cell is being recharged.

Electrical measurement

Measurement of potential difference

The potential difference can be measured
using a voltmeter. Voltmeters can have
either a numerical display (digital) or a
moving pointer (analog).

The potential difference is the difference
in potential between two points.

To measure the potential difference
between A and B, one lead of the
voltmeter must be connected to A, the
other to B.

B.5 Figure 29 A voltmeter
is connected from A to B.



Measurement of current

To measure the current flowing through a resistor, the ammeter must be connected
so that the same current will flow through the ammeter as flows through the resistor.
This means disconnecting one of the wires and connecting the ammeter (Figure 30).

& & i
(| &
R
1 A B
R circuit broken here so

that ammeter can be
| connected

An ideal ammeter has zero resistance so that it does not change the current in the

circuit.

By measuring the current through and potential difference across a conductor, itis possible
to calculate its resistance. Measuring the resistance of different lengths of nichrome wire, the
relationship between length and resistance can be found.

Nichrome is a metal that has a resistivity p of 1.5 x 10°°Q m. |t is suitable to use in this
experiment as it is a good conductor, but not so good that it will short circuit the battery.
When performing this experiment one should use:

 quite a thin wire so that the resistance js hot too small

* 3 low voltage power supply so that the current is not too big; a high current will make the
wire hot

o the least sensitive range on the ammeter (10 A range) so that the ammeter fuse does
not blow
® 3 technigue to prevent loops of wire touching as this would shorten the effective length of
the sample.
A length of about 1 m of wire is measured with a ruler then connected in a circuit as shown
in Figure 31.
The current, potential difference, and length are recorded in an appropriate table and the
measurements repeated with at least five more different lengths.

The data can be processed in a spreadsheet using Ohm's law to calculate the resistance of
each length. The uncertainty in the resistance should also be found. The easiest way of doing

this is to use the percentage uncertainties in Vand |, which simply add when you calculate %

Soif V=15 £ 0.1V, the percentage uncertainty = 7%.
And if =054 £ 0.0] A, the percentage uncertainty = 2%.
So the percentage uncertainty in R = % is 9%.

BuLTV = 2.8Q so the absolute uncertainty = 0.3Q.

The final valueis 2.8 + 0.3 Q.

This is quite a lot of steps but you only have to write the calculation once if a spreadsheet
is used.

A voltmeter is probably
@ the electrician’s most

useful measuring
instrument. A leng
row of light bulbs
connected in series
will all go out if one
of them breaks. To
find the broken one,
you could use a
voltmeter to measure
the potential difference
across each bulb: the
broken one will have
a potential difference
equal to the source.

‘ B.5 Figure 30 The ammeter

Is connected to measure the
current through R.

A worksheet with full
details of how to carry
out this experiment is
avalilable in the eBook.

©]

A

B.5 Figure 31 Measuring
the resistance of nichrome.

173



THE PARTICULATE NATURE OF MATTER B-5 Current and circuits

B.5 Figure 32 Variable

resistor,

B.5 Figure 33 Variable
potential,

%

B.5 Figure 34 The symbol
foran LDR.
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The theoretical relationship between resistance R and length L is given by the equation:
_oL
fis A
where pis the resistivity and A is the cross-sectional area. This means thata graph of R vs L
will be a straight line with gradient 4

In this case, the uncertainties are quite small, but as with all experiments, the results
never exactly match the theoretical model. Some factars that might be worth taking into
consideration are:

e the changing temperature of the wire
e the resistance of the meters
 the uniformity of cross-section.

If multimeters are used to measure V and [, it is quicker to simply switch to measure
resistance in ohms, then measure the resistance directly just using one multimeter. In this
setting, the multimeter uses its internal power supply (usually a 9V cell) to pass a small
current through the wire. By measuring this current and the potential difference across the
wire, the multimeter can give a value for resistance.

Variable resistors

The resistance of a wire is proportional to its length so we can make a variable resistor
by varying the length of the wire. This can be done by adding a sliding contact.

0 kQ 5kQ 10 kQ
R — — s - " 5
A BY A Bl A BY
Y Y
| —
10 k€2 10 k& 10 kQ

If a current is passed through the resistor, then moving the slider would give a varying
potential difference. This is a potentiometer.

0V 05V
B e ]
At B A Bl
ImA Y 1 mA
| I | I:I
1kQ 1kQ
Y v

This is how lights are dimmed with a dimmer switch or whenever a varying potential
difference is required; for example, to measure the I-V characteristics of a component
such as a light bulb.

Light-dependent resistor

A light-dependent resistor (LDR) has a resistance that varies as the light intensity
falling on it changes. This is a semiconductor device. Light causes the release of more
charge carriers in the semiconductor, resulting in a lowering of resistance.

If you have used a light gate, it might have included an LDR. The change of resistance
when the light is prevented from reaching the LDR is detected by the computer
interface, enabling the computer to record the time that it happened.



Thermistor

A thermistor is also a semiconductor device. Unlike conductors, whose resistance
increases with rising temperature due to the increased lattice vibrations, the resistance
of a semiconductor decreases as its temperature rises. This is due to the increase in

charge carriers.

Q17. The slider in the circuit is set at

2kQ
the middle of the variable resistor. 1
Calculate the potential difference
across the 2kQ resistor. L]

Q18. A 1m length of nichrome

o

In this chapter, we have used an analogy and topic-specific terminology to understand
that:
* Like all bodies, charged particles (such as those found in metal wires) require a

resistance wire (p = 1.5 x
107° Q2 m) of diameter 0.1 mm

is connected to the circuit. 100,52
Calculate the potential difference

from A to B.

The circuit used to measure the current flowing
through a companent for different values of V is
shown in Figure 36. Here the potential divider

(a circuit in which the terminal potential difference
is split up) is providing the changing potential
difference that is measured by the voltmeter, Note
that, in this circuit, it is assumed that the voltmeter
has a much higher resistance than the bulb so it will
not draw much current.

Guiding Questions revisited

= =
75 em
II!V
Il
|
Il
L
0%
O,

How do charge particles flow through materials?

How are the electrical properties of materials quantified?

What are the consequences of resistance in conductors?

force to accelerate, which in electrical circuits can be supplied by a cell.

but shared in a parallel circuit.

in parallel.

* The rate of flow of charge (current) is the same for all points in a series circuit,

* The energy transferred per unit charge between two points (potential difference)
is shared among components in a series circuit, but is the same across sections

/
7T
7

B.5 Figure 35 The symbol
for a thermistor.

@' A worksheet with full

details of how to carry
ey out this experiment is
available in the eBook.

4 B.5 Figure 36 Circuit used
1o measure the characteristics
of a light bulb.
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Current and circuits

The ratio of potential difference to current is known as resistance.

Resistance can be conceptualized as being due to collisions between electrons
and lattice atoms.

The power output of a resistor can be desirable (e.g. for household lighting,
sound, heating or movement) or undesirable (e.g. wasted thermal energy).
Resistivity is a property that enables quantitative comparisons between
materials of equal dimensions.

Ohmic conductors have constant resistance because temperature is constant,
whereas non-ohmic conductors, such as lightbulb filaments, light-dependent
resistors and thermistors, do not.

Terminal potential difference across a power supply (irrespective of whether a
chemical cell, solar cell or generator) is equal to the emf minus the potential lost
across the internal resistance.

Cells and resistors can be combined when solving complex circuit problems.

Practice questions

1.

The diagram shows a screenshot from a two-dimensional simulation of
electric current. The black circles represent the atomic lattice and the white
circles represent the charge carrier, which each have charge —q and travel
with average velocity v.

I

<4 .
* Ll

=0 <0 =0

<O
e <0
11 9-9.® @ @
<=0 <0
<0 <0
<0 <0 =0 =0 =0

(a) Copy the diagram and draw the direction of the electric field. (1)
(b) Use this model to explain:

(i) resistance (2)
(iii) electric heating (2)
(iv) the change of resistance of a light bulb when it is switched on. (2)
(c) Show that the currentis 15 % (3)

(Total 10 marks)

A 20 cm long nichrome wire of diameter 0.1 mm is connected toa 9 V cell
of internal resistance 1 .

Resistivity of nichrome = 1.1 x 107 Q m

Heat capacity ofa 9 Veell =10 K™t

(a) Calculate:

(i) the resistance of the wire (2)
(ii) the current flowing through the wire (2)
(iii) the power dissipated in the wire (2)
(iv) the temperature of the wire. (2)



(b) Explain why your answer to (a)(iii) is different from the actual value. (1)

(c) By making an appropriate calculation, deduce whether the power
dissipation in the cell is likely to cause damage. (3)

(Total 12 marks)

3. Two conductors, S and T, have the V/I characteristic graphs shown below.

4
8-

=

I I I I I I:;
01 23 45¢6 7 8
vIv

When the conductors are placed in the circuit below, the reading of the
ammeter is 6.0 A. What is the emf of the cell?

A 40V B 50V C 80V D 13V
(Total 1 mark)

4. The diagram shows two cylindrical wires, X and Y. Wire X has length 7,

diameter d, and resistivity p. Wire Y has length 2/, diameter g— and

P _ resistance of X
resistivity 5. What is —————=7?
resistance of Y

PR S

2]

3
v

b =

> |«

A 4 B 2 C 05 D 025
(Total 1 mark)
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In the circuits shown below, the cells have the same emf and zero internal
resistance. All the resistors are identical. What is the order of increasing
power dissipated in each circuit?

circuit X circuit Y circuit Z
|I 1 |I
I/ " I
| ER
|
' ER
| ES—|
Lowest » Highest power dissipated
A Yo X
B XYz
C X.ZY
D Y. X, Z (Total 1 mark)

Four resistors of 4Q each are connected as shown. What is the effective
resistance between P and Q?

P Q

A 1.0Q B 24Q C 34Q D 40Q
(Total 1 mark)

A cell with negligible internal resistance is connected as shown. The
ammeter and the voltmeter are both ideal. What changes occur in the
ammeter reading and in the voltmeter reading when the resistance of the
variable resistor is increased?

Change in ammeter reading Change in voltmeter reading
A increases increases
B increases decreases
C decreases increases
D decreases decreases

(Total 1 mark)



8.

A photovoltaic cell is supplying energy to an external circuit. The
photovoltaic cell can be modeled as a practical electrical cell with internal
resistance. The intensity of solar radiation incident on the photovoltaic
cell at a particular time is at a maximum for the place where the cell is
positioned. The following data are available for this particular time:

Operating current = 0.90 A

Output potential difference to external circuit =14.5V
Output emf of photovoltaic cell = 21.0V

Area of panel = 350mm x 450 mm

(a) Explain why the output potential difference to the external circuit and
the output emf of the photovoltaic cell are different.

(b) Calculate the internal resistance of the photovoltaic cell for the
maximum intensity condition using the model for the cell.

The maximum intensity of sunlight incident on the photovoltaic cell at the
place on the Earth’s surface is 680 Wm™.

A measure of the efficiency of a photovoltaic cell is the ratio:
energy available every second to the external circuit

energy arriving every second at the photovoltaic cell surface
(c) Determine the efficiency of this photovoltaic cell when the intensity
incident on it is at a maximum.

(d) State two reasons why future energy demands will be increasingly
reliant on sources such as photovoltaic cells.

(Total 10 marks)

A girl rides a bicycle that is powered by an electric motor. A battery
transfers energy to the electric motor. The emf of the battery is 16V, and
it can deliver a charge of 43kC when discharging completely from a full
charge. The maximum speed of the girl on a horizontal road is 7.0ms™
with energy from the battery alone. The maximum distance that the girl
can travel under these conditions is 20km.

(@) Show that the time taken for the battery to discharge is about 3 x 10%s. (1)

(b) Deduce that the average power output of the battery is about 240 W.

(c) Friction and air resistance act on the bicycle and the girl when they
move. Assume that all the energy is transferred from the battery to the
electric motor. Determine the total average resistive force that acts on
the bicycle and the girl.

(d) The bicycle and the girl have a total mass of 66 kg. The girl rides up
a slope that is at an angle of 3.0° to the horizontal. Calculate the
component of weight for the bicycle and girl acting down the slope.
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10.

The battery continues to give an output power of 240 W. Assume that the
resistive forces are the same as in (c).

(e) Calculate the maximum speed of the bicycle and the girl up the slope.  (2)

(f) On another journey up the slope, the girl carries an additional mass.
Explain whether carrying this mass will change the maximum distance
that the bicycle can travel along the slope. (2)

The bicycle has a meter that displays the current and terminal potential
difference (pd) for the battery when the motor is running. The diagram
shows the meter readings at one instant. The emf of the cell is 16 V.

pd current

12V | | 6.5A

(@) Determine the internal resistance of the battery. (2)

: — M

The battery is made from an arrangement of ten identical cells as shown.

(h) Calculate the emf of one cell. (1)

(i) Calculate the internal resistance of one cell. (2)
(Total 15 marks)

Electrical resistors can be made by forming a thin film of carbon on a layer

of an insulating material. A carbon film resistor is made from a film of

width 8.0mm and thickness 2.0 um. The diagram shows the direction of
charge flow through the resistor.

!
+—>

resistor

.

2.0 um

charge flow

not to scale

(a) The resistance of the carbon film is 82 Q. The resistivity of carbon
is 4.1 x 10 Qm. Calculate the length | of the film. (1)

(b) The film must dissipate a power less than 1500 W from each square
meter of its surface to avoid damage. Calculate the maximum
allowable current for the resistor. (2)



(c) State why knowledge of quantities such as resistivity is useful to
scientists. )

The current direction is now changed so that charge flows vertically
through the film.

charge flow

not to scale

(d) Deduce, without calculation, the change in the resistance. (2)

(e) Draw a circuit diagram to show how you could measure the resistance
of the carbon-film resistor using a variable resistor to limit the
potential difference across the resistor. (2)

(Total 8 marks)
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C Wave behavior

o Gravitational waves are transmitted at the speed of light by astronomical bodies moving at high speeds
or orbiting one ancther. Their existence was first postulated by Albert Einstein in 1916 as part of his
general theory of relativity. It was not until 2075 that they were detected - at the Laser Interferometer
Gravitational-Wave Observatory - having been released by two celliding black holes more than a
billion years ago.

Traveling waves transfer energy. They are made up of oscillations of particles; the
particles vibrate about fixed points while the energy propagates through space.

These chapters commence, therefore, with simple harmonic motion, a special type of
oscillation in which the acceleration of a particle is proportional to its displacement
from an equilibrium position and always in the opposite direction. As with gases,

the assumptions required for a model do not always apply, but many systems can be
approximated as being like masses on springs or simple pendula and described by
equations,

Armed with an understanding of oscillations, you will be well-placed to tackle a
variety of categories of waves, which often overlap: transverse and longitudinal,
mechanical and electromagnetic, high and low frequency, and high and low amplitude.
Yet, all waves share common behaviors; they reflect, refract, diffract and interfere. You
can expect to use a protractor to investigate angles and vernier calipers for measuring
the separation of bright light ‘fringes’ on a screen.

It is precisely the phenomena of reflection and interference that turn these chapters
on their head. Not all waves travel. Standing waves form when two identical waves at
particular frequencies travel toward one another. Nodes and antinodes form in precise
positions that will be familiar to wind and string musicians, and engineers can exploit
both resonance and damping to good effect in their designs.

And finally, no course on wave behavior would be complete without pausing to
consider the Doppler effect, which is the change in an observed frequency caused by
relative motion between the source of a wave and its observer. The Doppler effect in
the context of sound is an everyday occurrence for anyone living near a road; you
can hear when a car is approaching and receding (‘neeeacoooowwww’). With light,
the effect is even more profound; it is most noticeable when the relative speed is
comparable to the speed of light, and therefore in the motion of stars and galaxies.
These detections provide us with evidence for the expansion of the Universe.
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-« A pendulum is a hanging mass that oscillates back and farth. The time period of these oscillations
depends on the length of the string and the gravitational field strength where the mass is located, but
not on the amplitude of the swings. This Foucault pendulum’, which gives evidence of the Earth's
rotation, is located in the Paris Panthéon.

What makes the harmonic oscillator model applicable to a wide range of
physical phenomena?

Why must the defining equation of simple harmonic motion take the form
itdoes?

How can the energy and motion of an oscillation be analyzed graphically and
algebraically?

An oscillating body does not move in a circle but the mathematical model representing
one component of circular motion is the same as that which describes a simple
oscillation. In physics, it is quite common that the same model can be used in different
applications. As the mathematics becomes more complicated, it becomes more
difficult to relate the equations to the motion. This is where computer simulations and
visual representations help our understanding.

Students should understand:

conditions that lead to simple harmonic motion

the defining equation of simple harmonic motion as given by & = - x

a particle undergoing simple harmonic motion can be described using time period T,
frequency f, angular frequency w, amplitude, equilibrium position and displacement

the time period in terms of frequency of oscillation and angular frequency as given by
2n

1
T‘__?:H

the time period of a mass—spring system as given by T'= 2::\'%

the time period of a simple pendulum as given by 7'= 2:1'1%

a qualitative approach to energy changes during one cycle of an oscillation.

The simple pendulum

A simple pendulum consists of a small mass, called a bob, hanging on an inextensible
(non-stretchy) string. If left alone, the mass will hang at rest so that the string is vertical,
but if pushed to one side, it will oscillate about its equilibrium position. The reason that
the pendulum oscillates is because there is always a force acting toward the center, as
shown in Figure 1.

A swing is an example of
oscillatory motion.
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C.1 Figure 1 | 4
A swinging pendulum.

The forces drawn are the tension and weight. These forces add to give a resultant that is
always directed toward the equilibrium position. Furthermore, the size of the resultant
(blue arrow) gets bigger as the distance from the equilibrium position increases. Notice
how the tension decreases as the pendulum swings up toward the horizontal position,
and is greatest when it swings through the bottom. At the bottom of the swing, the
tension will actually be greater than the weight, allowing the bob to accelerate as it
changes direction. Due to the changing angles, this motion is rather difficult to analyze.
To make this simpler, we will consider only very small displacements.

Simple harmonic motion

If the swings are kept small, then force becomes directly proportional to the
displacement from equilibrium. Consider the small angle shown in Figure 2.

Since the angle is very small, we can make some approximations.

1. The displacement is horizontal (in reality, the bob moves slightly up).

2. The force acting toward the equilibrium position is the horizontal component
of the tension, F, sin 0 (in reality, it is the resultant of the weight and the tension,
which is not shown on this diagram).

mg

3. The weight is approximately the same as the tension (in reality, the tension is greatest

A at the bottom of the swing) F, = mg so the restoring force = F, sin 0= mg sin 0.
C.1 Figure 2 Pendulum
with small displacement. Since the motion has been reduced to a one-dimensional problem, we can write

F = -mg sin Oto take into account the direction of this force.

Looking at the triangle made by the string and the equilibrium position, we can see that:

X
sin 0= 1
mgx
So: F=~ —‘!g
_—_— , mgx
Substituting for F = ma from Newton’s second law gives: ma = -——
ox
==

So we can deduce that, for this motion, the acceleration is directly proportional to the
displacement from a fixed point and always directed toward that point. This kind of
motion is called simple harmonic motion (SHM), with the displacement determining
the magnitude of the acceleration and the minus sign indicating the opposite direction
of these vector quantities.
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SHM and the sine function

displacement
Ty

Later in this chapter, we will do a more thorough graphical analysis of SHM, but by
observing the motion of the pendulum, we can already see that as the bob swings back and
forth its displacement will be described by a sine curve. In other words, the displacement of
the bob is sinusoidal. Let us analyze the motion represented by the sine curve in Figure 3.

0s At the start, the displacement is zero and the velocity is maximum and positive
(this can be deduced from the gradient). The pendulum bob is swinging through
the center, moving right.

1s The displacement is maximum and positive and the velocity has reduced to zero.
The pendulum bob is at the top of its swing to the right.

2s The displacement is zero again and the velocity maximum and negative. The
pendulum bob is swinging through the center, traveling left.

3s The displacement is maximum and the velocity is zero.

4s Back to the start.

Terms and quantities

Before going any further, we shall define the terms and quantities used to describe
oscillatory motion with reference to the pendulum in Figure 4 swinging backward and
forward between A and B.

Cycle
One complete ‘there and back’ swing, from A to B and back to A.

Amplitude (x;)
The maximum displacement from the equilibrium position; the swing of the
pendulum is symmetric so this could be the distance OA or OB.

The unit of amplitude is the meter.

Time period (T)
The time taken for one complete cycle from A to B and back to A.

The unit of time period is the second.

Frequency ( f)
The number of complete cycles per second.

The unit of frequency is the hertz (Hz).

< C.1Figure 3 Sinusoidal

maotion.

A

pendulum.

-—>

X

C.1Figure 4 A swinging
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Angular frequency ()
This is the angular equivalent to frequency.

w = 2xf

The unit of angular frequency is radian per second (rads™).

If the time starts when Let the equation for the displacement-time curve be x = x; sin (@),

the pendulum is at You can try plotting this in a graph plotting or spreadsheet program to see the effect of
its highest point to changing x; and f.
the right (point 8 in Set up the spreadsheet as below so that you can vary the values of fand x;,
Figure 4), then the
equation would be | B2 - (= 5 | =ES3*SIN(2%PI()*ES2%A2)
X = Xq €os wt; this is still TR Y ¢ 1 o ¢ = G R !
said to be sinuspidal.. "1 ltimefs |displacementim) ' il | ' '
[Eil 0. 0.0000 frequency| 1
Because the time taken _ 3 0.1 1.1756 amplitude| 2
for a pendulum to @ - 24 A0 = E— ] A
f_‘omp]ete one cyde : : g.: 1:3:: dlsplacement vs time
is always the same, = 0.5] S 3.00
even if the amplitude 8 0.6| 11756 2,00 /—t\
of the SWing changes, 9 o_;[ -1.8021 Xfmlm \
pendulums used to 10 0.8] -1.9021 e ? : y ' of
be extensively used 1 0.9| -1.1756 100%0 02 04 \T%
in clock mechanisms. 12 10| 0.0000] 200
Today, pendulums :: -3.00
a;i:ﬁ:ﬁ”;fi;igﬁﬂ Notice the § sign in the equation. This prevents the values of x; and f changing when you

copy the equation down into all the cells.
use some sort of

mechanical oscillation,
Mass on a spring

If a mass hanging on the end of a spring is lifted up and released, it will bounce up and
down as in Figure 5. The forces acting on the mass are weight and the tension in the
spring. The weight is always the same but the tension depends on how far the spring
is stretched. (Recall from Hooke’s law that when you stretch a spring, the tension is
proportional to the extension.)

U shows the unstretched length of the spring (Figure 5(i)).

C.1Figure 5 Spring and ’ i ii i iv
mass in four positions: (i)
unstretched spring, (ii) spring
in equilibrium with mass
attached, (iii) mass above
equilibrium position, (iv)
mass below equilibrium
position.

equilibrium
position

B L N

When a mass m is hung on the string (Figure 5(ii)), it stretches to the length O with
extension e. The mass is at rest so the elastic restoring force and weight are balanced:

ke =mg
This is the equilibrium position.
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The mass is lifted up to position A (Figure 5(iii)), reducing the extension by x, and
released. The weight is now larger than the elastic restoring force, so the mass accelerates
downward. Applying Newton's second law to find the magnitude of the resultant force:

ma=mg — k(e — x) =mg — ke+ kx
But recall that ke = mg.
So: ma=mg —mg + kx=kx

The mass accelerates downward, passing the equilibrium position to position B
(Figure 5(iv)). Applying Newton's second law again to find the magnitude of the
resultant force:

ma =kie +x) — mg =ke + kx — mg
But recall, once more, that ke = mg.
So: ma=mg + kx - mg = kx

We can see that the acceleration is always proportional to the distance from the equilibrium
position. However, if we consider the displacement instead of the distance, we can see that:

*  When the displacement is down (-}, the acceleration is up (+).

s When the displacement is up (+), the acceleration is down (-).

They are always in opposite directions, so we insert a minus sign: ma = —kx

So: a= —%x

Since acceleration is proportional to displacement but in the opposite direction, this is
simple harmonic motion.

Q1. State whether the following are examples of simple harmonic motion.
(a) Aball rolling up and down on a track.
(b) A cylindrical tube floating in water when pushed down and released.
(c) A tennis ball bouncing back and forth across a net.
(d) A bouncing ball.
Q2. A pendulum completes 20 swings in 12s.
What is:
(a) the frequency
(b) the angular frequency?

Graphical representation of SHM

When representing the motion of bodies in A.1 Kinematics, we drew displacement—
time, velocity—time and acceleration—time graphs. Let us now do the same for the
motion of a mass on a spring. The mass on the end of the spring is lifted to point A and
released. In this example, we will start with the mass at its highest point (maximum
positive displacement). Let the equation for the displacement will be x = x, cos wt.

How can greenhouse
gases be modeled

as simple harmoenic
oscillators? (B.2)

(b)
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C.1 Figure 6 b
Displacement-time graph.

C.1 Figure 7 ‘“elocity-time >
graph.
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Simple harmonic motion

Displacement-time

As before, O is the equilibrium position and we will take this to be our position of zero
displacement. Above this is positive displacement and below is negative.

At A, the mass has maximum positive displacement from O.
At O, the mass has zero displacement from O.
At B, the mass has maximum negative displacement from O.

We can see that the shape of this displacement—time graph is a cosine curve.

displacement/cm 4

L 1A

The equation of this line is x = x;, cos ot where x, is the maximum displacement and o
is the angular frequency.

Velocity-time

From the gradient of the displacement—time graph (Figure 6), we can calculate the velocity.

velocity 4

At A, gradient = 0 so velocity is zero.
At O, gradient is negative and maximum so velocity is down and maximum.
At B, gradient = 0 so velocity is zero.

The equation of this line is v = —v; sin ot where v, is the maximum velocity.



Acceleration-time

From the gradient of the velocity—time graph (Figure 7), we can calculate the
acceleration.

At A, the gradient is maximum and negative so acceleration is maximum and
downward.

At O, the gradient is zero so acceleration is zero.

At B, the gradient is maximum and positive so the acceleration is maximum and
upward.

acceleration 4

—— \ || . T
1 B
The equation of this line is a = —a, cos @t where g4is this maximum acceleration.

So: x =x, cos wtand a =—a, cost

When displacement increases, the magnitude of acceleration increases proportionally.
However, the direction of the acceleration is always opposite to the displacement,
which introduces a minus sign to the relationship; in other words: a « —x

The constant of proportionality is &2, which means the general equation for SHM is
a=-w?x.

We have confirmed that the acceleration of the body is directly proportional to the
displacement of the body and always directed toward a fixed point.

Finding the frequencies of a pendulum and mass on
a spring

We have seen that the acceleration of a pendulum bob is given by the equation:

— —£ -
il !;l
We now know that: a=-wx

So: w? =%
_
-8
o= J!,

£

2 =\7

_1[8

=241

< C.1Figures
Acceleration-time graph.
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WAVE BEHAVIOR c-1 Simple harmonic motion

Since time period is equal to the inverse of frequency:

T= 23@
For the mass on a spring: a= —%x
So: F= i{%

Q3. Along pendulum has time period 10s. If the bob is displaced 2 m from the
equilibrium position and released, how long will it take to move 1 m?

!
@ We know that: = ZKE

So if we measure the time period for different lengths of pendulum, we should find that
F? is proportional to |. This means that a graph of F? vs | would be a straight line with

- An?
gradient = e
The typical length of pendulum used in the lab has a time period of about 15 so measuring
one swing with a stop watch would be quite difficult. It is much better to time 10 swings then
divide the time by 10 to give the time period. Alternatively, the pendulum could be made
to swing through a photogate and a computer used to record the time period (see Figure 10).

The computer records every time the bob passes in and out of the photogate, but if you set

the software to 'pendulum timing’, then it will record the time between the first time the bob
enters the gate and the third time. This will be the time period.

C.1 Figure 9 Pendulum and P
photogate. |
At the top of the
swing, the mass
has maximum = Lo
potential energy in out in out in
and minimum
kinetic energy.

Energy transfers during SHM

O If we once again consider the simple pendulum, we can see that its energy is
transferred as it swings.

At the bottom of

the swing. the mass Kinetic energy

has maximum L ) . ) ] .

kinetic energy and The kinetic energy is a maximum when the bob is traveling fastest. This is at the

minimum potential bottom of the swing. At the top of the swing, the bob is stationary, so the kinetic

energy.

A energy is zero (see Figure 10).
C.1Figure 10 In the

simple pendulum, energy is
transferring from one store to
another as the bob moves.
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Potential energy

The potential energy is a minimum when the bob is at its lowest point; we take this to
be zero. At the top of the swing, the potential energy is a maximum value.

How does damping
(C.4) affect periodic
motion?

The total energy at any moment in time is given by:

total energy = E + E,

Phase

If we take two identical pendulum bobs, displace each bob to the right and release
them at the same time, then each will have the same displacement at the same time. We
say the oscillations are in phase. If one is pulled to the left and the other to the right,
then they are out of phase (see Figures 11 and 12).
‘ C.1Figure 11 The

pendulum bobs are in phase

when they swing together,
in phase out of phase
«— <« —_— —
This can be represented graphically.
displacement /\ A t:re 12

“ement-time graph
sinand outo

v time A and B represent

motions that are

/\ B in phase.

time

\/ B and C represent
motions that are
ki

out of phase.

\/ time

Challenge yourself

1. A 12cm long, narrow cylinder floats vertically in a bucket of water so that 2¢m
is above the surface. It is then made to oscillate by pressing the end underwater.
Calculate the time period of the motion.
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WAVE BEHAVIOR c-1 Simple harmonic motion

What makes the harmonic oscillator model applicable to a wide range of
physical phenomena?

Why must the defining equation of simple harmonic motion take the form
it does?

How can the energy and motion of an oscillation be analyzed graphically and
algebraically?

In this chapter, we have considered simple harmonic motion as a particular example of
an oscillation. In doing so, we recognized:

* The inverse proportionality of the time period of a complete oscillation and the
frequency of oscillations (the number per second).

* The amplitude in an oscillating system is the maximum displacement of the body
from its equilibrium position.

« Simple harmonic oscillations as having acceleration proportional to displacement
and in the opposite direction (the latter indicated by the minus sign).

* The magnitude of the constant of proportionality for simple harmonic motion is
the square of angular frequency, where angular frequency is the product of 2z and
the frequency of oscillations.

+ Two common models for simple harmonic motion are mass—spring systems (with
time period related to the mass and the spring constant) and simple pendula (with
time period related to the length of the string and gravitational field strength).

* Many real-world scenarios as being relatable to these two models in design or
problem-solving.

¢ Potential energy increases with displacement.

* Kinetic energy is maximum as the body passes through the equilibrium position.

Practice questions

1. A massonaspring is displaced from its equilibrium position. Which graph
represents the variation of acceleration with displacement for the mass after it
is released?

A acceleration B acceleration
h h

> displacement > displacement

[ 55 acceleration D acceleration
L A

> displacement > displacement

(Total 1 mark)
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An object performs simple harmonic motion (SHM). The graph shows
how the velocity v of the object varies with time t. The displacement of the
object is x and its acceleration is a. What is the variation of x with t and the

variation of a with t?

A
\/

o/ \

-

a

0

£

o

X
vl

t

N

(=]

S

a
1]
T

/N
N

(Total 1 mark)

The bob of a pendulum has an initial displacement x; to the right. The bob
is released and allowed to oscillate. The graph shows how the displacement
varies with time. At which point is the velocity of the bob at its maximum
magnitude directed toward the left?

A

Xﬂ—

displacement

=

\ A/

AV

4. The four pendulums below have been cut from the same uniform sheet of

(Total 1 mark)

board. They are attached to the ceiling with strings of equal length. Which
pendulum has the shortest period?

(Total 1 mark)



WAVE BEHAVIOR c-1 Simple harmonic motion

5. A mass at the end of a vertical spring and a simple pendulum both
perform oscillations on Earth that are simple harmonic with time period
T. The pendulum and the mass—spring system are taken to the Moon. The
acceleration of free fall on the Moon is smaller than that on Earth. Which is
correct about the time periods of the pendulum and the mass—spring system

on the Moon?
Simple pendulum Mass-spring system
A T T
B greater than T T
C greater than T greater than T
D T greater than T

(Total 1 mark)

6. The graph shows the variation with time t of the acceleration a of an object X
undergoing simple harmonic motion (SHM).

%31
£
T |
1 -
0 T T T { IIS
2 6 10 2
Tl
-2 -
-'3 _
(a) Define simple harmonic motion (SHM). (2)
(b) X hasa mass of 0.28 kg. Calculate the maximum force acting on X. (1)

(c) Determine the maximum displacement of X. Give your answer to an
appropriate number of significant figures. (4)

(Total 7 marks)

7. Astudent is investigating a method to measure the mass of a wooden block by
timing the period of its oscillations on a spring.
(a) Describe the conditions required for an object to perform simple

harmonic motion (SHM). (2)

(b) A 0.52kgmass performs simple harmonic motion with a period of 0.86 s
when attached to the spring. A wooden block attached to the same spring
oscillates with a period of 0.74 s. Calculate the mass of the wooden block.  (2)

frictionless surface

(Total 4 marks)
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8. A vertical solid cylinder of uniform cross-sectional area A floats in water. The
cylinder is partially submerged. When the cylinder floats at rest, a mark is
aligned with the water surface. The cylinder is pushed vertically downward so
that the mark is a distance x below the water surface.

cylinder floating cylinder pushed
at rest downward

water surface mark

Attime ¢ = 0, the cylinder is released. The resultant vertical force F on the
cylinder is related to the displacement x of the mark by:

F=-pAgx
where p is the density of water.
(a) Outline why the cylinder performs simple harmonic motion when
released. (1)
(b) The mass of the cylinder is 118 kg and the cross-sectional area of the
cylinder s 2.29 x 10-! m? The density of wateris 1.03 x 10° kg m™3. Show
that the angular frequency of oscillation of the cylinder is about 4.4 rad s,
e
(Total 3 marks)
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«f Waves change direction due to changing depth of the water. The change in wave speed can also cause i Y
the wave to break, resulting in the white foam visible in the photo.

What are the similarities and differences between different types of wave?

How can the wave model describe the transmission of energy as a result of
local disturbances in a medium?

What effect does a change in the frequency of oscillation or medium through
which the wave is traveling have on the wavelength of a traveling wave?

The wave created in a stadium is not a physical wave, but it can help us understand
the nature of wave motion. To make a wave travel to the right, each person stands up
just after the person to their left. Each person is out of phase with their neighbors. A
stadium wave is just a pulse, but a continuous wave could be created if everyone stood
up and sat down repeatedly.

What we see moving to the right is not people — they all stay in the same position —it is
the disturbance.

The reason that this is not a real wave is that nothing is passed from one person to
another. In real waves, energy is transmitted. Another reason this is not a real wave is
that it exhibits none of the properties of a wave. If there is a wall in the stadium, the
wave does not reflect off it, and if we have two waves traveling in opposite directions,
they do not add together when they intersect. To make the wave go slower, we just
have to tell the spectators to wait a short time before they stand up and sit down. Their
frequency is the same but the wave speed is lower, which would mean that the distance A 'stadium wave'.
between peaks becomes smaller.

Students should understand:

transverse and longitudinal traveling waves

wavelength 4, frequency f, time period T, and wave speed v applied to wave motion as given by

vl

the nature of sound waves

the nature of electromagnetic waves

the differences between mechanical waves and electromagnetic waves.

Nature of Science

Complex models are often built of simple units. The complex motion of a
wave becomes simple when we realize that each part is simply moving back
and forth like a row of slightly out-of-step simple pendulums. In this chapter,
you will be learning about waves in strings and springs, water waves, sound
waves, and electromagnetic waves; all completely different things but with
similar characteristics. When scientists started modeling the motion of ocean
waves, they probably had no idea their work would one day be applied to light.
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WAVE BEHAVIOR c.2 Wave model

Waves

The word wave was originally used to describe the way that a water surface behaves
when it is disturbed. We use the same model to explain sound, light, and many other
physical phenomena. This is because they have some similar properties to water
waves, so let us first examine the way water waves spread out.

If a stone is thrown into a pool of water, it disturbs the surface. The disturbance spreads
out or propagates across the surface, and this propagating disturbance is called a
wave. Observing water waves, we can see that they have certain basic properties (in
other words, they do certain things).

Reflection

If a water wave hits a wall, the waves reflect.

Refraction

When sea waves approach a beach, they change direction because the difference in
height of different parts of the sea floor leads to different wave speeds.
Interference

When two waves cross each other, they can add together, creating an extra big wave, or
cancel out.

Waves change direction as ’
they approach a beach.

What happens when
waves overlap or
coincide? (C 3, C4)

When a water wave Diffraction
enters a region of
shallow water (near

a beach), the velocity ; B ;
becomes less, resulting Anything that reflects, refracts, interferes and diffracts can also be called a wave.

When water waves pass through a small opening, the waves spread out.

in a shorter wavelength.
If the change in depth Transfer of energy
is rapid, the top of the

Waves in the ocean are caused by winds that disturb the surface of the water. A big
wave moves faster than

the bottom, causing it storm in the Atlantic Ocean can cause waves that break on the beaches of the west
to be thrown over and coast of Europe and the east coast of the Americas. The storm gives the water energy,
forming the tube that which is then spread out in the form of water waves. So a wave is the transfer of energy

surfers like to get into.
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Although the water wave is the ‘original’ wave, it is not the simplest one to begin with.
So to help understand how waves propagate, we will first consider two examples of
one-dimensional waves: a wave in a string and a wave in a slinky spring.

Wave pulse in a string

If you take one end of a very long string and give it a flick (move it up and down once
quickly), then you will see disturbance moving along the string. This is called a wave
pulse. In lifting up the string and flicking it down, you have given the string energy.
This energy is now being transferred along the string at a constant speed. This speed is
called the wave speed.

To understand how the energy is transferred, consider the case where the rope is just
lifted as shown in Figure 1. Here the string is represented by a line of balls, each joined
to the next by an invisible string. When the end was lifted, the first ball lifted the next
one, which lifted the next, etc. transferring energy from left to right.

C.2 Figure 1 Energy
transferred along the string.

{ c2 Figure 2 A pulse moves
from left to right.

The particles at the front are moving up, and the ones at the back are moving down. As
the pulse moves along the string, each part of the string has the same motion, up then
down, but they do not all do it at the same time; they are out of phase (Figure 2). It is like

a wave going around a stadium: the crowd all stand up then sit down at different times. Can the wave
A madel inform the
Reflection of a wave pulse understanding of
pantum mechanics?
If the pulse meets a fixed end (e.g. a wall), it exerts an upward force on the wall. The ?NC}S)

wall being pushed up then pushes back down on the string, sending an inverted
reflected pulse back along the string (Figure 3).

<« C.2Figure3 A wave pulse
reflected off a fixed end.
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An upward pulse is
called a peak {or crest)
and a downward pulse

is called a trough.

C.2 Figure 4 A wave pulse

reflected off a free end.

C.2 Figure 5 Wave pulses

superpose.

Amplitude (A)

The maximum
displacement of

the string from the
equilibrium position.
Wave speed (v)

The distance traveled
by the wave profile
per unit time.
Wavelength (1)

The distance between
two consecutive
crests or any two
consecutive points
that are in phase.

Frequency (f)

The number of
complete cycles that
pass a point per unit
time.

Period (T)

Time taken for one
complete wave to

pass a fixed point
(T= 1?)
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Wave model

If the end of the string is loose, then you also get a reflection, but this time it is reflected
without phase change (Figure 4). It is just as if there is a hand at the end moving up
then down like the one that made the original pulse.

A reflected wave is not only produced when the wave meets an end but whenever
there is a change in the medium. If two different strings are joined together, there will
be a reflection at the boundary between the strings. In this case, not all the wave is
reflected; some is transmitted. If the second string is heavier, then the reflected wave
is inverted as it is off a fixed end (Figure 3), but if the second string is lighter, then the
wave is reflected as if off a free end (Figure 4).

Superposition of wave pulses

If two wave pulses are sent along a string from each end, they will coincide in the
middle. When this happens, the displacements of each pulse add vectorially. This
results in two peaks adding but a trough and a peak canceling out (Figure 5).

%

Note that when the waves cancel, it appears that the energy has disappeared, but if this
was an animation, you would see the particles are actually moving up and down so the
particles have kinetic energy.

Continuous wave in a string (transverse wave)

If the end ball on the string is moved up and down with simple harmonic motion, then
a short time later, the next ball along the string will also move up and down with the
same motion. This motion is passed along the string until all the parts of the string are
moving with SHM, each with the same amplitude and frequency but different phase.
In Figure 6, the wave is moving from left to right as a result of the end being disturbed.
- L. 3 3 .
The green ball is just about to move downward; it is 7 of a cycle (5) out of phase with

the end ball.



< C.2Figure 6 Forming a

continuous wave.

disturbance

P

We can see that after the end has completed one cycle, the front of the wave will be in
phase with the original oscillation. The distance to this point depends on the speed of
the wave and is called the wavelength, A (Figure 7).

4 C.2 Figure 7 Cne complete
cycle.

1 wavelength

peak C.2 Figure 8 The quantities
I"“ A =| / used to define a wave.

/\ i
v
trough —\/ \/_v’

Relationship between v, f, and A

If you observe a continuous wave moving along a string from a position at rest relative
to the string, then you will notice that the time between one peak passing and the next
is T, the time period. In this time, the wave profile has progressed a distance equal to
the wavelength, 4. The velocity of the wave = distance traveled _ %but T=1L1s0:

time taken
v=fa

Worked example

The A string of a guitar vibrates at 110 Hz. If the wavelength is 153 ¢cm, what is the

velocity of the wave in the string? Make sure to change
cm to m.

How can the length of
a wave be determined
using cancepts from
kinematics? (A1)

Solution
v=fa
f=110Hzand A =1.53m
v=110x 1.53 ms™!

=168.3ms!
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WAVE BEHAVIOR c.2 Wave model

Worked example

A wave in the ocean has a period of 10s and a wavelength of 200 m. What is the

wave speed?
Solution
T=10s
f_ T Z
=0.1Hz

v=f24
v=0.1 x200ms!
=20ms™!

Q1. Calculate the wave velocity of a tsunami with time period 30 min and

wavelength 500 km.
N - Q2. Two strings are joined together as shown in the figure.
PR B (@) If the wave velocity in the thin string is twice its velocity in the thick
string, calculate the wavelength of the wave when it gets into the thick
string.

(b) When the wave meets the knot, part of it will be reflected. Explain
whether the reflected wave will be inverted or not.

(c) Why is the amplitude of the wave in the thick string smaller than in the
thin string?

A wave in which the
direction of disturbance
is perpendicular to the

Sliecoraf et Q3. The end of a string is moved up and down with time period 0.5s. If the
of energy is called a

e wavelength of the wave is 0.6 m, what is the velocity of the wave?

Graphical representation of a transverse wave

C.2 Figure 9 A snapshot of > There are two ways we can represent

_—
a lransverse wave. ' /\ /\B a wave graphically: by drawing a

displacement—time graph for one point
Because the horizontal o X P ‘g P P i
i on the wave, or a displacement—position
axis is time, the h for each point al h
separation of the A graph for each point along the wave.
peaks represents the Disbl tti
time period, not the ISplacement-ume
waclEagh Consider points A and B on the transverse wave in Figure 9.
The event that will Point A is moving up and down with SHM as the wave passes. At present, it is at its

happen next is to the
right on the graph but
the part of the wave
that will arrive next is to X . . . .
(e oh om the i We can also draw a graph for point B (Figure 11). This point starts with zero

displacement then goes up.

maximum negative displacement. As the wave progresses past A, this point will move
up and then down (Figure 10).
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displacement
displacement

/N ‘ /[

<«—— time period —

A A
C.2 Figure 10 The displacement-time C.2 Figure 11 The displacement-time
graph for point A, graph for point B.

Displacement-position

To draw a displacement—position graph, we must measure the displacements of all the
points on the wave at one moment in time.

Figure 12 shows the graph at the same time as the snapshot in Figure 10 was taken. The

position is measured from point O.
/D
\/ \/ pnsitiog
A

displacement A

&=

This is just like a snapshot of the wave — however, depending on the scale of the axis, it
might not look quite like the wave.

The equation of a wave

We have seen that each point on the wave oscillates with simple harmonic motion.

So if we take the end point of the string, its displacement is related to time by the
equation:y = A sin wt. If we now take a point a little bit further down the string, it will
also be moving with SHM but a little behind the first one; let us say an angle 6 behind.
The equation for the displacement of this point is therefore: y = A sin(wt=8). This phase
angle depends on how far along the string we go. In other words, 8 is proportional to x
or # = kx where kis a constant.

y= A sin(wt—m)

C.2 Figure 13 Different parts of the wave have different phase.

We can now write an equation for the displacement of any point, y = A sin(wt—kx).

If the point is one whole wavelength from the end, then the points will be in phase so
# = 2z or ki = 2z, which means that k= ZTI (Figure 13).

. 3 2z
The wave equation then becomes: y = A sin(wt - = ~

4 C.2 Figure 12 The
displacement-position graph
for all points at one time.

For some people, seeing
the equation of a wave
makes the topic easier to
understand. For others,
it just makes it more
complicated.

A

C.2 Figure 14 A wave
profile is created when a row
of pendulums are released at
different times showing how
awave Is made of a series of
oscillations of different phase.
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Wave model

Waves in a slinky spring (longitudinal waves)

We can transfer energy along a long spring (a slinky) by moving the end up and down.
We can also transfer energy if we move it in and out. Instead of peaks and troughs,
compressions (squashed bits) and rarefactions (spread out bits) move along the spring,
as seen in Figure 15. This does not look like a wave but we will find out that it has all
the same properties as one.

This type of wave is called a longitudinal wave.

C.2 Figure 15 The =3
difference between a
compression wave in a spring

and the transverse wave in

a string is the direction of

direction of
disturbance wave direction

- > -
+ > >

disturbance,

When a compression
wave travels along

a slinky spring, the
disturbance is parallel
to the direction of
energy transfer. This
type of wave is called
a longitudinal wave.
Since longitudinal
waves only have

one direction of
disturbance, they
cannot be polarized.

C.2Figure 16 Awaveina
spring is reflected off a wall.

C.2 Figure 17 Balls

connected by springs prior to

any disturbance.
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compression

G000 M

rarefaction

'y

Reflection

When the wave in a spring meets a fixed end, the spring will push the wall so,
according to Newton'’s third law, the wall will push back. This sends a reflected wave

back along the spring (Figure 16).

To get a better understanding of a longitudinal wave, let us consider a row of balls
connected by springs as in Figure 17.

reflected wave

(A

Graphical representation of longitudinal waves

If the ball on the left is pulled to the left, then the spring connecting it to the next ball
will be stretched, causing the next ball to move. In this way, the displacement is passed
from one ball to the next. If the ball is moved with SHM, then a continuous wave is
sent along the line. Each ball will move with the same frequency but a slightly different
phase. The distance between two balls in phase is the wavelength. This is the same as
the distance between two compressions. In Figure 18, it can be seen that the end balls
are both at the same point in the cycle, at the equilibrium position moving left, so the
distance between them is one wavelength.

The amplitude of the wave is the maximum displacement from the equilibrium
position. This is marked by the letter A in Figure 18.



<« C.2Figure 18 Showing the
displaced positions of parts
of a wave.

1 2 3 4 5 6 7 8 9 10 11 12 13

Displacement-time graph

A displacement—time graph shows how the displacement of one point varies with time.

ball 1 ball 7 i <« C.2Figure 19 Balls moving
k- > in opposite directions to one

another.

displacement
displacement

Y

time -
When looking at a
wave traveling to

the right, you must
remember that the
particles to the right,
are lagging behind
those to the left, so if
we want to know what
the displacement of
particle 13 will be next,
we look at the particle
1o the left. We can
therefore deduce that
particle 13 is moving
to the left. When
looking at a graph, time
progresses from left to
right so you can see
what will happen next
by looking to the right.

T

Figure 19 shows two graphs for two different points. Ball 1 is about to move to the
left so its displacement will become negative. Ball 7 is about to move to the right so its
displacement will become positive.

Displacement-position graph

A displacement—position graph represents the position of all the particles at one time.
If the motion of the particles is sinusoidal, then the shape of the graph will be a sine
curve as shown in Figure 20.

1 2 3 - 5 11 12 13

NSTE |||'|”f ‘ TOSUITE - |‘Jf||| ||"|"|"|'|" Ly

FE r..n'-"n e e e 'G EISHIN A TIONA

osition
Pesten

a C.2 Figure 20 Check the
axes in waves problems

carefully.

displacement

In Figure 20, you can see how balls 1, 7 and 13 have zero displacement, ball 4 has .
maximum positive displacement and ball 10 has maximum negative displacement. A GeoGebra worksheet

' linked to this topic is
Nature of Science available in the eBook.

The speed of sound is approximately 340 m s!, which is larger than many
everyday objects, so it proved quite difficult for early scientists to measure this
accurately. The first methods assumed that light was instantaneous and measured
the time difference between the light and sound arriving from an event such as

a gunshot (you may have noticed this during a thunderstorm). An alternative
approach is to use standing waves in pipes. With today’s technology it is possible
to get an accurate value by measuring the time taken for a sound to travel between
two microphones on your computer.
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Pitch is related to the
frequency of the sound:
a high pitch note has a
high frequency.
Amplitude is related
ta the loudness of a
sound: a loud sound
has large amplitude.

Velocity of a sound
wave traveling through
air at 20°C and normal
atmospheric pressure
i5.340ms™. At higher
temperatures, the
velocity will be greater
since the molecules
move faster.

C.2 Figure 22 Sound >
refracts through layers of air.

How are
electromagnetic waves
able to travel through a
vacuum? (B.1)

208
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Properties of sound waves

Sound is an example of a longitudinal wave. When a body moves through air, it compresses
the air in front of it. This air then expands, compressing the next layer of air and passing the
disturbance from one layer of air to the next (see Figure 21). If the body oscillates, then a
continuous wave is propagated through the air. This is called a sound wave.

compression A rarefaction
—
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C.2 Figure 21 A sound wave moves along a pipe.

A sound wave is a propagation of changing pressure. This causes layers of gas to
oscillate, but remember, the individual molecules of the gas are moving with random
motion. Since the disturbance is in the same direction as the transfer of energy, sound
is a longitudinal wave.

The loudness of a sound is measured using a sound meter in decibels (dB).

Reflection of sound

If you shout in front of a cliff, the sound reflects back as an echo. In fact, any wall is a
good reflector of sound, so when speaking in a room, the sound is reflected off all the
surfaces. This is why your voice sounds different in a room and outside.

Refraction of sound
When sound passes from warm air into cold air, it refracts. This is why sounds carry

well on a still night.

The sound travels to the listener by two paths: one direct and one by refraction
through the layers of air (Figure 22). This results in an extra loud sound.

B

sound source

listener

The electromagnetic spectrum

Light is an electromagnetic wave, which means that it is a propagation of
disturbance in an electric and magnetic field (more about this in D.2). Electromagnetic
waves are classified according to their wavelength as represented by the spectrum
shown in Figure 23 (on the following page). Unlike the other waves studied so far,
electromagnetic waves do not need to have a medium to propagate through.

Electromagnetic waves are transverse waves since the changing electric and magnetic
fields are perpendicular to the direction of propagation.



would have had to wait for someone else.

Some light facts

Nature of Science

The first time thin film interference was observed in the laboratory was
when Joseph Fraunhofer saw colors appearing while alcohol evaporated
from a sheet of glass. Sometimes luck plays a part in scientific discovery, but
if Fraunhofer had not realized that the colors were interesting, the discovery

= =]
In this chapter, we are particularly “:; E
interested in visible light, which has 5 z
wavelengths between 400 and 800 nm. E E
Different wavelengths of visible light s | BBy AL am
have different colors. r—
However, our perception of color is not 10 Xeravs
so simple. For example, red light mixed Lo ¥ plom 400 nm
with green light gives yellow light. B L o
The velocity of light in a vacuum is 10 ultraviolet | 500 nm
approximately 3 x 108ms™. s 100 nm
) ) = visible 1000 nm
The brightness or intensity of light, el 2% R ™| um A
measured in Wm™, is proportional to & \
the square of the wave amplitude: - infrared  —10 pm
Tox A2 | thermal IR =100 pm Ham
1012
Light intensity is measured with a light friR. | 1000 pm
meter. As you move away froma point 10" -
light source, its intensity gets less and siisiowaves =1an
less. This is because the light spreads out 101 satellite tv
so the power per unit area is reduced. , — 10 cm
The light from a point source spreads g vV
out in a sphere, so at a distance r, the 10° ‘ i
power will be spread over an area equal H e
: 10m
to 4xr2 If the power of the source is P, 107_|
then;he intensity at this distance will - i66.m
be & 10 Am
— 1000 m
long waves

Challenge yourself

1. Conduct research into the following Nature of Science linking questions and

consider the connections to Theory of Knowledge:

How were X-rays discovered? (NOS)

How are waves used in technology to improve society? (NOS)

How can light be
modeled as an

electromagnetic wave?
(E1)

Color is perceived but
wavelength is measured.

4 C.2 Figure 23 The

| electromagnetic spectrum.
Waves can be classified in
| terms of their wavelength.

Each range of wavelengths
has a different name,
different mode of production
and different uses.

Why does the intensity
of an electromagnetic
wave decrease with
distance according to
the inverse square law?
(8.1)
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Guiding Questions revisited

What are the similarities and differences between different types of wave?

How can the wave model describe the transmission of energy as a result of
local disturbances in a medium?

What effect does a change in the frequency of oscillation or medium through
which the wave is traveling have on the wavelength of a traveling wave?

In this chapter, we have looked at one particular means of categorizing waves, as well
as key examples, to examine how:

» All traveling waves transfer energy.

* This energy is transmitted through local disturbances in a medium or field.

* Transverse waves have oscillations that are perpendicular to the direction of
energy transfer. An example is electromagnetic radiation, which requires no
medium for propagation, and which travels at the speed of light in a vacuum.

* Longitudinal waves have oscillations that are perpendicular to the direction
of energy transfer. An example is sound waves, which require matter for
propagation, and which are fastest in high-density media.

* The speed of any wave can be calculated as the product of wavelength (the
distance between in-phase points on consecutive oscillations) and frequency.

» For a given wave speed (usually defined by the medium), an increase in the
frequency of oscillations results in a decrease in the wavelength.

Practice questions

1. A sound wave of frequency 660 Hz passes through air. The variation of particle
displacement with distance along the wave at one instant of time is shown in
the diagram.

displacement/mm
o

=]

=05

distance/m

(@) State whether this wave is an example of a longitudinal or a transverse
wave. (1)

(b) Using data from the diagram, deduce for this sound wave:

(i) the wavelength (1)
(i) the amplitude (1)
(iii) the speed. (2)

(Total 5 marks)
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2. Thespeed of a wave in the ocean is greater in deep water than shallow water.
The diagram represents the waves approaching the deep water channel at
Nazaré, a famous big-wave surfing location.

deep water channel

(a) Copy the diagram and sketch the wavefronts as they pass into the deep
water channel.

(b) Explain why the waves are so big at point P.

A water wave transfers energy from a storm at sea to the land. The energy is
the potential energy of the water lifted up in the peaks.

(1)
1

(c) Explain the change of wavelength when the wave travels fromPto Q. (1)

(d) Explain using a diagram why the wave gets steeper after passing from
Pto Q. (1)
(Total 4 marks)

3. The diagram shows a wave simulation made of eight pendulums 2 cm apart,
each with time period 2 s. The end pendulums are in phase.

e
I

(a) (i) Calculate the wave speed.

(ii) Calculate the phase difference between consecutive pendulums.

G)
@

(b) The length of the pendulum strings is halved but the phase difference stays

the same. Determine :

(i) the wavelength (1)
(ii) the frequency (1)
(ii) the wave speed. (1)

(Total 8 marks)
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4. (a) (i) Define what is meant by the speed of a wave. (2)
(ii) Light is emitted from a candle flame. Explain why, in this situation,
itis correct to refer to the ‘speed of the emitted light', rather than its

velocity. (2)

(b) (i) Define, by reference to wave motion, what is meant by displacement. (2)

(i) By reference to displacement, describe the difference between a
longitudinal wave and a transverse wave. (3)

The center of an earthquake produces longitudinal waves (P waves) and transverse
waves (S waves). The diagram shows the variation with time t of the distance d
moved by the two types of wave.

1200- P wave S wave
800 S
400 1
0 1 1 1 1 1 1 1 1 1
0 25 50 75 100 125 150 175 200 225
t/time
(c) Use the diagram to determine the speed of:
(i) the P waves (1)
(i) the S waves. (1)

The waves from an earthquake close to the Earth’s surface are detected at three
laboratories, L,, L,, and L;. The laboratories are at the corners of a triangle so that
each is separated from the others by a distance of 900 km, as shown in the diagram.

5[3

The records of the variation with time of the vibrations produced by the earthquake
as detected at the three laboratories are shown in the diagram below. All three
records were started at the same time. On each record, one pulse is made by the S
wave and the other by the P wave. The separation of the two pulses is referred to as
the S—P interval.

start of trace L,
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(d) (i) Copy the diagram above and on the trace produced by laboratory
L, identify, by reference to your answers in (c), the pulse due to the P
wave (label the pulse P). (1)
(ii) Using evidence from the records of the earthquake, state which
laboratory was closest to the site of the earthquake. (1)

(iii) State three separate pieces of evidence for your statement in (d)(ii). (3)

(iv) The S—P intervals are 68 5, 42 s and 27 s for laboratories L, L, and

L;, respectively. Use the diagrams, or otherwise, to determine the
distance of the earthquake from each laboratory. Explain your

working. (4)

(v) Copy the triangle diagram and mark on it a possible site of the
earthquake. (1)
(Total 21 marks)

A longitudinal wave moves through a medium. Relative to the direction
of energy transfer through the medium, what are the displacement of the
medium and the direction of propagation of the wave?

Displacement of medium Direction of propagation of wave

A parallel perpendicular
B parallel parallel
C perpendicular parallel
D perpendicular perpendicular

(Total 1 mark)

A girl in a stationary boat observes that 10 wave crests pass the boat every
minute. What is the period of the water waves?

A ll—ﬂmin C 10min
B --min” D 10min!

(Total 1 mark)

A traveling wave has a frequency of 500 Hz. The closest distance between two
points on the wave that have a phase difference of 60° {% rad) is 0.050 m. What
is the speed of the wave?

A 25mgt! C 150ms™!
B 75ms’! D 300ms™!
(Total 1 mark)

A sound wave has a frequency of 1.0kHz and a wavelength of 0.33 m. What is
the distance traveled by the wave in 2.0 ms and the nature of the wave?

Distance traveled in 2.0ms Nature of the wave

A 0.17m longitudinal
B 0.17m transverse
C 0.66m longitudinal
D 0.66m transverse

(Total 1 mark)
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9. A transverse traveling wave is moving through a medium. The graph shows,
for one instant, the variation with distance of the displacement of particles in
the medium. The frequency of the wave is 25 Hz and the speed of the wave is
100 m s~'. What is correct for this wave?

i

displacement
=

0 X \_/ distance

The particles at X and Y are in phase.

down

The velocity of the particle at X is a maximum.

The horizontal distance between X and Z is 3.0 m.

U N = >

The velocity of the particle at Y is 100 m s~
(Total 1 mark)

10. The graph shows the variation with time for the displacement of a particle in a
traveling wave. What are the frequency and amplitude for the oscillation of the

particle?
§ 2.0-
2 151
g
1.0+
:
%0.5—
é 0.0 T T T 1
0 10 5 20 26 30 35 40
~0.5
_1‘0_
_1_5_
R0 time/107°s
Frequency / kHz Amplitude / pm
A 20 2
B 20 4
C 50 2
D 50 4

(Total 1 mark)
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11. The graphs show the variation of the displacement y of a medium with distance
x and with time t for a traveling wave. What is the speed of the wave?

; /8\ I

\
‘:4_
N

TR o
...4—

E A
S
= 4
0 5\/0 \ t/ms
_4—
A 0.6ms?! B 0.8ms!
C 600ms™! D 800ms!

(Total 1 mark)

12. Which statement about X-rays and ultraviolet radiation is correct?
A X-rays travel faster in a vacuum than ultraviolet waves.
B X-rays have a higher frequency than ultraviolet waves.
C  X-rays cannot be diffracted unlike ultraviolet waves.
D

Microwaves lie between X-rays and ultraviolet in the electromagnetic
spectrum.

(Total 1 mark)

13. A student stands a distance L from a wall and claps her hands. Immediately on
hearing the reflection from the wall, she claps her hands again. She continues
to do this, so that successive claps and the sound of reflected claps coincide.
The frequency at which she claps her hands is f. What is the speed of sound in

air?
L L
C Lf D 2Lf

(Total 1 mark)
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14. A water wave moves on the surface of a lake. P and Q are two points on the
water surface. The wave is traveling toward the right. The diagram shows
the wave at time t = 0. Which graph shows how the displacements of P and
Q vary with t?

direction of wave

1.0+

0.5+

—(.54

-1.0+4

P
1.0+ Q
0 5 5 o 1 (0] T R
4/ 6 0/12 tfs 0 /2 14 0 t'fs
~(.5+ —-0.54
=1.0: =10

(Total 1 mark)

S =
T

15. Which graph shows the variation of amplitude with intensity for a wave?

A & B 2
£ :
£ £
0 5 0
0 intensity 0 intensity
€ D
= =
g g
0 c 0 —
0 intensity 0 intensity

(Total 1 mark)
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16. A longitudinal wave is traveling in a medium from left to right. The graph
shows the variation with distance x of the displacement y of the particles in the
medium. The solid line and the dotted line show the displacement at t = 0 and
t =0.882 ms, respectively. The period of the wave is greater than 0.882 ms. A
displacement to the right of the equilibrium position is positive.

— 4

(a) State what is meant by a longitudinal traveling wave. (1)
(b) Calculate, for this wave:
(i) thespeed (2)
(if) the frequency. (2)
(c) The equilibrium position of a particle in the medium is at x = 0.80 m. For
this particle at t = 0, state and explain:
(i) thedirection of motion

(i) whether the particle is at the center of a compression or a rarefaction.
(2)
(Total 7 marks)
17. An earthquake off the coast of Sumatra, Indonesia, at A produces mechanical

P waves and S waves that travel through the mantle of the Earth at speeds of
5.50 km s! and 3.00 km s°!, respectively.

(a) Ifthe S wave arrives at the coastal station B, across the Indian Ocean near
Mombasa, Kenya, 15 mins 17 s after the P wave, determine:

(i) thedistance, D, of B from A (2)

(i) the time, 7, taken by a tsunami, produced by the earthquake,
to arrive at B if it travels at 800 km h'l. (2)

(b) On what principle could a tsunami warning system be established? (2)
(Total 6 marks)
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<« Abubble is a thin, spherical soap and water film. When white light from the Sun shines on a bubble b
some is reflected at the uppermost air-soap surface and some refracts inside the film, with additional

reflection taking place at the inner soap-air surface. The distance traveled by the light within the film is
greater than the distance traveled by the light reflecting an the outside, which means that interference

occurs. The colors that are most prominent from a given viewpoint are the result of constructive
interference. Those that are not seen have undergone destructive interference. These change with the
observer’s position in an effect called iridescence.

How are observations of wave behaviors at a boundary between different
media explained?

How is the behavior of waves passing through apertures represented?

What happens when two waves meet at a point in space?

If C.1is for the study of oscillations of individual particles and C.2 is for the study of
how the particles in a medium can be disturbed to transmit energy, C.3 comprises
what traveling waves do.

They reflect, refract, transmit, diffract and interfere, and we'll make use of ray and
wavefront diagrams and graphs of displacements to visualize these behaviors.

As you read, try to notice not only what these behaviors consist of and emerge from but
also how you as a physicist are being asked to understand them: qualitatively and/or
quantitatively?

A
Students should understand: These narrow beams of light
at a concert are like rays; they
are parallel to the direction of
the energy transfer,

waves traveling in two and three dimensions can be described through the concepts of
wavefronts and rays

wave behavior at boundaries in terms of reflection, refraction and transmission

wave diffraction around a body and through an aperture

wavefront-ray diagrams showing refraction and diffraction

Snell’s law, critical angle and total internal reflection

nosinf v,
Snell's law as given by i = FHI =5 where n is the refractive index and @ is the angle between
2 I
the normal and the ray i
superposition of waves and wave pulses | A
double-source interference requires coherent sources These ripples’ in the sand

are like wavefronts; they
are perpendicular to the
the condition for destructive interference as given by path difference = [n + %))\. direction of energy transfer,

the condition for constructive interference as given by path difference = n

) o : AD i ; 3 ?
Young’s double-slit interference as given by s ==~ where s is the separation of fringes, d is the
separation of the slits, and D is the distance from the slits to the screen.
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Wavefronts

If a stone is thrown into a pond, then a pulse will be seen to spread out across the
surface in two dimensions: energy has been transferred from the stone to the surface
of the water. If the surface is disturbed continuously by an oscillating object (or the
wind), a continuous wave will be formed whose profile resembles a sine wave. Viewed
from directly above, the wave spreads out in circles. The circles that we see are actually
the peaks and troughs of the wave; we call these lines wavefronts. A wavefront is any
line joining points that are in phase. Wavefronts are perpendicular to the direction of
energy transfer, which can be represented by an arrow called a ray.

In reality, not all
waves are sinusoidal.
The troughs between

the peaks of water
waves traveling
toward a beach are
much longer than the
peaks

Ripples spreading out in ’
circles after the surface is
disturbed.

wavelront

ray

A

C.3 Figure 1 A circular
wavefront spreading out
from a point.

Point sources produce circular wavefronts, but if the source is far away, the waves will
appear plane.

A plane wavefront maves '
toward the beach.

ray v L wavefront

A

C.3 Figure 2 FParallel plane
wavefronts.

Tidal bores, beloved of

surfers, occur in rivers with
large tidal ranges. These
surfers take the path of rays
respective to the wavefront
crests.
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Wave propagation (Huygens’ construction)
We can think of a wavefront as being made up of an infinite number of new centers of
— % =

disturbance. Each disturbance creates its own wavelet that progresses in the direction
of the wave. The wavefront is made up of the sum of all these wavelets. Figure 3 shows
how circular and plane wavefronts propagate according to this construction.

Nature of Science A

C.3 Figure 3 Huygens'
The Huygens’ construction treats a wavefront as if it is made of an infinite construction used 1o find the
number of small point sources that only propagate forward. Huygens gave new position of plane and
no explanation for the fact that propagation is only forward but the model GreUErWNERanG.
correctly predicts the laws of reflection and Snell’s law of refraction. Snell’s
law was the result of many experiments measuring the angles of light rays
passing from one medium to another. The result gives the path with the
shortest time, a result that is in agreement with Einstein’s theory of relativity.
There can be more than one theory to explain a phenomenon but they must
give consistent predictions.

Reflection of water waves

When a wavefront hits a barrier, the barrier now behaves as a series of wavelet sources
sending wavelets in the opposite direction. In this way, a circular wavefront is reflected
as a circular wavefront that appears to originate from a point behind the barrier as in

Figure 4.
~ C.3 Figure 4 Reflection ofa
\ T / w, NS | circular wavefront
barrier «— — a— \ \ y f / —
barrier becomes source of disturbance wavelets add to give reflected wavefront

A plane wavefront reflects as a plane wavefront, making the same angle to the barrier
as the incident wave, as shown in Figure 5.

4 C.3Figure 5 Reflection ofa
| plane wavefront.

barrier \ N
; _—
barrier becomes source of disturbance wavelets add to give reflected wavefront
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Refraction of water waves

Refraction is the change of direction of propagation when a wave passes from one
medium to another. In the case of water waves, it is difficult to change the medium

but we can change the depth. This changes the speed of the wave and causes the ray to
change direction. This can again be explained using Huygens’ construction as shown in
Figure 6, where the wave is passing into shallower water, where it travels more slowly.

C.3 Figure 6 The wavefront P>
and ray directions change.

incident ray

Tefracted ray

wavelets add to give reflected wavefront

deep The frequency of the wave does not
change when the wave slows down so
incident the wavelength must be shorter (v = f2).
Lay Note that, although not drawn in Figure 7,

when a wave meets a boundary such as
this, it will be reflected as well as refracted.

refracted
ray

‘ C.3 Figure 7 The optical density need not
change for a change in direction to emerge.

shallow

Snell’'s law

Snell’s law relates the angles of incidence and refraction to the ratio of the velocity of
the wave in the different media. The ratio of the sine of the angle of incidence to the
sine of the angle of refraction is equal to the ratio of the velocities of the wave in the
different media:

sini v,

sinr v,
Note that the angles are measured between the ray and the normal, or between the
wavefront and the boundary.

C.3 Figure 8 Angles of b

incidence and refraction.

velocity v,
/anglc of incidence

angle of refraction
velocity va

We refer to the proportion of the energy of the wave that refracts at a boundary as
being ‘transmitted’ to the new medium. The remainder is reflected.
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Worked example

A water wave traveling at 20ms-! in
deep water enters a shallow region
where its velocity is 15ms™! (Figure 9). If
the angle of incidence between the water
wave and the normal of the boundary

between regions is 50°, what is the angle

of refraction? :
i —— —

Solution

sini v, 20

sint v, 15

i : sin 50°
Applying Snell's law: sinr= ——53-=0576
r=35°

Q1. A water wave with wavelength 30 cm traveling with velocity 0.50 ms™ meets
the straight boundary to a shallower region at an angle of incidence 30°. If the
velocity in the shallow region is 0.40 ms™!, calculate:

(a) the frequency of the wave
(b) the wavelength of the wave in the shallow region
(c) the angle of refraction.
Q2. A water wave traveling in a shallow region at a velocity of 0.30 ms~! meets the

straight boundary to a deep region at angle of incidence 20°. If the velocity in
the deep region is 0.50ms™, calculate the angle of refraction.

Diffraction of water waves Water waves diffracting

through two different sized
Diffraction takes place when a wave passes through a small opening. If the opening is openings. The waves are

. : . . diffracted mare through the
very small, then the wave behaves just like a point source as shown in Figure 9. e oUe
narrower Dpl'."."!ll']g.

e R R i i <« C.3Figure9 If the opening
i S — is a bit bigger then the effect
| | [ ] [ is not so great.

Using Huygens’ construction, we can explain why this happens. In the case of the very
narrow slit, the wavefront is reduced to one wavelet that propagates as a circle.
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Waves are also diffracted by objects and edges as shown in Figure 10. Notice how the
wave seems to pass round the very small object.

C.3 Figure 10 Diffraction P> "y
around obstacles. -

What evidence is there

that particles possess ﬁ
wave-like properties
such as wavelength?
(NOS)

Interference of water waves

If two disturbances are made in a pool of water, two different waves will be formed.
When these waves meet, the individual displacements will add vectorially. This is
called superposition. If the frequency of the individual waves is equal, then the
resulting amplitude will be constant and related to the phase difference between the
two waves.

C.3 Figure 11 Constructive > constructive destructive
and destructive interference. interference interference

two in-phase waves add two out-of-phase
vectorially to give a wave waves _add
of twice the amplitude vectorially to cancel

A \
o

When two identical point sources produce
waves on the surface of a pool of water, a
pattern like the one in Figure 12 is produced.

We can see that there are regions where

the waves are interfering constructively

(X) and regions where they are interfering
destructively (Y). If we look carefully at the
waves arriving at X and Y from A and B, we
see that at X they are in phase and at Y they
are out of phase (Figure 13). This is because
the waves have traveled the same distance to
get to X, but the wave from A has traveled %Jx
extra to get to Y.

A

C.3 Figure 12 Ripple tank. In general, constructive interference occurs if:

path difference = n

or:

phase difference = 2nrx

where n is a whole number.
Destructive interference occurs if:

path difference = (n + %)A
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or:

phase difference = 2n + Dx

) < C.3Figure13 faih
difference leads to phase
N difference.
B
Al
B
¥

Path difference and phase difference

; ;
We can see from the previous example that a path difference UfE)L introduces a phase

difference of =, so if the path difference is d, then the phase difference, 6 = h—d I

Worked example q A diagram always helps.
1

no matter how simple
Two boys playing in a pool itis.
make identical waves that
travel toward each other. The

boys are 10m apart and the

waves have a wavelength 2m. S _
Their little sister is swimming - S e G =
from one boy to the other.

When she is 4m from the first

boy, will she be in a big wave or

a small wave?

Solution |
The waves from the boys will interfere when they meet. If the girl is 4m from

the first boy, then she must be 6 m from the other. This is a path difference of

2m, one whole wavelength. The waves are therefore in phase and will interfere
constructively.

3. Two wave sources, A and B, produce waves of wavelength 2.0cm. What is the
p g
phase angle between the waves at:

(a) a point C, distance 6.0cm from A and 6.2cm from B?
(b) a point D, distance 8.0cm from A and 7.0cm from B?
(c) a point E, distance 10.0cm from A and 11.5cm from B?
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Reflection of light

When light hits an object, part of it is absorbed and part of it is reflected. It is the
reflected light that enables us to see things. If the reflecting surface is uneven, the light
is reflected in all directions, but if it is flat, the light is reflected uniformly so we can see
that the angle of reflection equals the angle of incidence (Figure 14).

angle of angle of
incidence reflection
O Refraction of light

A

¢.3 Rigiire 14 Ths arges of The velocity of light is different for different transparent media, so when light passes from
. Ineangles o

SRS o A S0 one medium to another, it changes direction. For example, the velocity of light is greater in
the same. air than it is in glass, so when light passes from air to glass, it refracts as in Figure 15.

The refractive index of a medium, n, is the ratio of the speed of light in a vacuum to the

¢
speed of light in the medium. This means that: n, = C—and m==
1 2

C.3 Figure 15 Light refracts »
from air to glass.

(% C
Rearranging: ¢, = —and ¢, =—

1 Tom
angle of incidence 0,

e By e 1,
: & Combining: — = (5)[(—)) =—
ombining: 2= (5)/5) =
lass.
£ knitiing Sncllisl sinf, v,
ne Snell’s law, we get: — =—
A ppiyng Weset Sine, v,
angle of refraction 8, velocity vs .
This can also be written % = :—thcre
3 2 1

n, and n, are the refractive indices of the
two media. The bigger the difference in
refractive index, the more the light ray will
be deviated. We say a medium with a high
refractive index is ‘optically dense’.

To measure the refractive index of a glass block, you can pass a narrow beam of light (e.g.
from a laser) through it and measure the angles of incidence and refraction as the light passes
from air into the glass. It is not possible to trace the ray as it passes through the block, but if
you place the block an a sheet of paper and mark where the ray enters and leaves the block
(at B and C in the figure on the right), then you can plot the path of the ray. If you do not
have a light source, you can use an alternative method with pins. Place two pins on one side
of the block in pasitions A and B then, looking through the block, place a third pin in line
with the other two. Joining the dots will give the path of a ray from A through the block.

The angles can then be measured using a protractor and the refractive index calculated.

Light reflected off the straw is
refracted as it comes out of

the water, causing the straw incidence

to appear bent.

air

glass
A worksheet with full
details of how to carry
out this experiment is

available on this page

rcfracticm/

of the eBook,
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Worked example

A ray of light traveling in air is incident on a glass block at an angle of 56°. Calculate

the angle of refraction if the refractive index of glass is 1.5.

Solution
‘ . . sin #, _n
Applying Snell’s law: sing, n
Where: 6, = 56°
n,; =1 (air)
n,=1.5 (glass)
sin 56° L5
sinf, 1
. sin 56°
sin 82 — SIHT= 055
0, = 34°

Use the refractive indices in the table on the right to solve the following problems.
Q4. Light traveling through the air is incident on the surface of a pool of water at
an angle of 40°. Calculate the angle of refraction.

Q5. Calculate the angle of refraction if a beam of light is incident on the surface of
a diamond at an angle of 40°.

Q6. If the velocity of light in air is 3.00 x 10¥ms™, calculate its velocity in glass.

Q7. A fish tank made of glass contains water (and fish). Light travels from a fish at
an angle of 30° to the side of the tank. Calculate the angle between the light
and the normal to the glass surface as it emerges into the air.

Q8. Lightincident on a block of transparent plastic at an angle of 30° is refracted
at an angle of 20°. Calculate the angle of refraction if the block is immersed in
water and the ray is incident at the same angle.

Dispersion

The angle of refraction is dependent on the wavelength of the light. If red light and
blue light pass into a block of glass, the blue light will be refracted more than the red,
causing the colors to disperse. This is why you see a spectrum when light passes
through a prism as in the photo. It is also the reason why rainbows are formed when
light is refracted by raindrops.

white light
red

blue

= LH

) 2

-

g -

o} =

= &

Alr 1.0003
\Water 1.33
Glass 1.50
Diamond | 2.42

Some refractive indexes

of different media.

The white light is dispersed

colors of the

at different speeds in glass.

prism, b

more than red.

C.3 Figure 16 ‘When white

e light is refracted
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The critical angle

If light passes into an optically less dense medium, e.g. from glass to air, then the ray
will be refracted away from the normal as shown in Figure 17.

!
1
8, = angle of incidence i

6, = angle of refraction | ¢ = critical angle air
_l -
c
glass
A A
C.3 Figure 17 Light refracted from glass to air. C.3 Figure 18 Light refracted at 507,

If the angle of incidence increases, a point will be reached where the refracted
ray is refracted along the boundary. The angle at which this happens is called the
critical angle.

Applying Snell’s law to this situation:

sin#; n,
sin6, n
Where: 6,=c¢
a,=90°
n, = 1.5 for glass
n,=1
c=42°

Total internal reflection

If the critical angle is exceeded, all of the light is reflected. This is known as total
internal reflection. Since all the light is reflected, none is transmitted. This is not the
case when light is reflected off a mirror when some is absorbed.

C.3 Figure 19 Light totally > air
internally reflected. '

Optical fibers

An optical fiber is a thin strand of glass or clear plastic. If a ray of light enters its end at
a small angle, the ray will be totally internally reflected when it meets the side. Since
the sides are parallel, the ray will be reflected back and forth until it reaches the other
end as in Figure 20. Optical fibers are used extensively in communication.

C.3 Figure 20 Light =3 light refracted when
reflected along a fiber. entering fiber light reflected at the sides 4/

-l
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Q9. Light enters a glass block of refractive index 1.5 at an angle 70°.

(a) Use Snell’s law to calculate the angle of refraction ,.
(b) Use geometry to find the angle 6,.

(c) Calculate the critical angle for glass.

(d) Will the ray be totally internally reflected?

(e) Calculate length D.

Interference of light

For the light from two sources to interfere, the light sources must be coherent. This
means they have the same frequency, similar amplitude, and a constant phase difference.
This can be achieved by taking one source and splitting it in two, using slits or thin films.

Two-slit interference

Light from a single source is split in two by parallel narrow slits. Since the slits are
narrow, the light diffracts, creating an overlapping region where interference takes
place. This results in a series of bright and dark parallel lines called fringes, as shown in
Figure 21. This set-up is called Young's slits.

light diffracts at
light diffracts at double slits
first slit

constructive

destructive

constructive

destructive

; i - ; constructive
light interferes in

area of overlap -

To simplify matters, let us consider rays from each slit arriving at the first maximum as

shown in Figure 22.
F—

C.3 Figure 21 Double-slit

interference.

4 C.3 Figure 22 Paths taken
by the rays from each slit to
the first maximum.
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C.3 Figure 23 Light > i D "
rays interfere at the first W 714
maximum.

A ¥

-
g
d I|
J A difference A

Since this is the first interference maximum, the path difference between the waves
must be 4. If we fill in some angles and lengths as in Figure 23 we can use trigonometry
to derive an equation for the separation of the fringes.

Since the wavelength of light is very small, the aglegle 6 will also be very small. This
What can an means that we can approximate 6 in radians to 5 = < so the distance from the central

: d D
uFiESEnE SEOE bright fringe to the next one is
results of Young's
double-slit experiment s= 2D
reveal about the nature d
offight? (C.2) This equation is of great importance. This is the fringe spacing. We can therefore

conclude that if the slits are made closer together, the fringes become more separated.

Q10. Two narrow slits, 0.01 mm apart (d), are illuminated by a laser of wavelength
600 nm. Calculate the fringe spacing (y) on a screen 1.5m (D) from the slits.

Q11. Calculate the fringe spacing if the laser is replaced by one of wavelength
400 nm.

s Guiding Questions revisited

How are observations of wave behaviors at a boundary between different
media explained?

How is the behavior of waves passing through apertures represented?

What happens when two waves meet at a point in space?

In this chapter, we have considered both wavefront and ray representations of the wave
model to understand:
* That a boundary between two media causes a wave to separate into reflected
and transmitted components.
* Refraction as the change in speed and direction of a wave when transmitted into
a new medium.
* Snell’s law as describing how the ratio of refractive indices of the two media is
the inverse of the ratio of the speeds of the wave in the two media.
* Interference as a property of waves.
+ Constructive interference as being associated with path differences of whole
wavelengths and destructive interference as resulting from odd numbers of half-
wavelengths.
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* Superposition as the vector sum of the amplitudes of waves that interfere at a
point.

* The characteristic interference pattern of a double slit, with the separation of
fringes increasing with wavelength and distance from the slits to the screen and
decreasing with the slits’ separation.

» Diffraction as the spreading out of a wave’s energy when passing around a body
or through an aperture, with the effects most noticeable when the barrier or gap
is approximately equal to the wavelength.

Practice questions

1. The diagram shows an arrangement (not to scale) for observing the
interference pattern produced by the superposition of two light waves.
S, and S, are two very narrow slits. The single slit S ensures that the light
leaving the slits S, and S, is coherent.

b P
5
monochromatic S
light source <> ________________________ 10
5,
single slit
double slit screen
a) (i) Define coherent. (1)
(if) Explain why slits S; and S, need to be very narrow. (2)

The point O on the diagram is equidistant from S, and S, and there is
maximum constructive interference at point P on the screen. There are no
other points of maximum interference between O and P.

(b) (i) State the condition necessary for there to be maximum
constructive interference at the point P. (1)

(ii) Copy the axes below and draw a graph to show the variation of
intensity of light on the screen between the points O and P. (2)

intensity

0 p distance along the screen

(c) Inthis particular arrangement, the distance between the double slit
and the screen is 1.50 m and the separation of S, and S, is 3.00 x 10> m.
The distance OP is 0.25 mm. Determine the wavelength of the light.  (2)

(Total 8 marks)
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A C E
‘ 2. (a) By making reference to waves, distinguish between a ray and a wavefront. (3)
mednn! The diagram on the left shows three wavefronts incident on a boundary
gttt between medium I and medium R. Wavefront CD is shown crossing the
boundary. Wavefront EF is incomplete.
ig (b) (i) Copy the diagram and draw a line to complete the

wavefront EF. (1)

(ii) Explain in which medium, I or R, the wave has the higher speed.  (3)

(iii) By taking appropriate measurements from the diagram,
determine the ratio of the speeds of the wave traveling from
medium I to medium R. (2)

The diagram below shows the variation with time t of the velocity v of one
particle of the medium through which the wave is traveling.

~ 61
w
£4
- 9] /
0 .
e 1 2 4 \5 7
| /107
-4
-6

(c) () Explain how it can be deduced from the diagram that the particle
is oscillating. (2)
(ii) Determine the frequency of oscillation of the particle. (2)

(iii) Copy the diagram and mark on the graph, with the letter M, one

time at which the particle is at maximum displacement. (1)
(iv) Estimate the area between the curve and the x-axis from the time

t=0to the timet=1.5 ms. (2)
(v) Suggest what the area in (c)(iv) represents. (1)

(Total 17 marks)

3. The diagram represents the direction of oscillation of a disturbance that

< P

(a) Copy the diagram and add arrows to show the direction of wave
energy transfer to illustrate the difference between:

gives rise to a wave.

() atransverse wave (1)

(ii) alongitudinal wave. (1)
A wave travels along a stretched string. The diagram below shows the variation
with distance along the string of the displacement of the string at a particular

instant in time. A small marker is attached to the string at the point labeled M.
The undisturbed position of the string is shown as a dotted line.
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44— direction of wave travel

(b) Copy the diagram.

(i) Draw an arrow on the diagram to indicate the direction in which

the marker is moving. (1)
(if) Indicate, with the letter A, the amplitude of the wave. (1)
(iii) Indicate, with the letter 4, the wavelength of the wave. (1)

(iv) Draw the displacement of the string a time % later, where T is the
period of oscillation of the wave. Indicate, with the letter N, the
new position of the marker. (2)
The wavelength of the wave is 5.0 cm and its speed is 10 cm s7!.
(c) Determine:
(i) the frequency of the wave (1)
(i) how far the wave has moved in %s. (2)
(d) By reference to the principle of superposition, explain what is meant

by constructive interference. (4)

The diagram below (not drawn to scale) shows an arrangement for observing
the interference pattern produced by the light from two narrow slits S; and S,.

light source <

I |
monochromatic d M YA O

o

A
)
h 4

single slit

double slit screen

The distance §,5, is d, the distance between the double slit and screen is D and
D >>d such that the angles # and @ shown on the diagram are small. M is the
midpoint of 8,8, and it is observed that there is a bright fringe at point P on
the screen, a distance y, from point O on the screen. Light from S, travels a
distance S,X further to point P than light from S,.
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(e) (i) State the condition in terms of the distance S,X and the

wavelength of the light 4, for there to be a bright fringe at P. (2)
(ii) Deduce an expression for 8 in terms of S,X and d. (2)
(iii) Deduce an expression for ¢ in terms of D and y,.. (1)

For a particular arrangement, the separation of the slits is 1.40 mm and the
distance from the slits to the screen is 1.50 m. The distance y,, is the distance of
the eighth bright fringe from O and the angle € = 2.70 x 107 rad.

(f) Using your answers to (e) to determine:

(i) the wavelength of the light (2)
(ii) the separation of the fringes on the screen. (3)
(Total 24 marks)

4. Three quantities used to describe a light wave are:

I. frequency II. wavelength II.  speed

Which quantities increase when the light wave passes from water to air?
A landIlonly C [landIlonly
B landllonly D [ IlandIll (Total 1 mark)

5. A glassblock of refractive index 1.5 is immersed in a tank filled with a
liquid of higher refractive index. Light is incident on the base of the glass
block. Which is the correct diagram for rays incident on the glass block at
an angle greater than the critical angle?

A B
b Ltank i | |-tank
I —+glass block : —tglass block
i “Tliquid 5 i : “Hliquid
C D
i ¥ |tank i -tank
—t+glass block : —glass block
“T-liquid /'E\‘ THliquid

(Total 1 mark)

6. A glass block has a refractive index in air of n,. The glass block is placed in
two different liquids: liquid X with a refractive index of ny and liquid Y

n n
with a refractive index of ny. In liquid X, ”—i =2, and in liquid Y,,,—i =1.5.
speed of light in liquid X

What is Seedor R Rna Y
2 3 :
A 7 B 7 €5 0

(Total 1 mark)
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7

8.

10.

Which diagram shows the shape of the wavefront as a result of the
diffraction of plane waves by an object?

A B

J)) \\\

-
Ll

M (((
|)}

v

v
||

(Total 1 mark)

Two identical waves, Amplitude of the Intensity of the
eschywith amplitu de X, resultant wave resultant wave
and intensity I, interfere A X ]
constructively. What are the L 2% 2
amplitude and intensity of ¢ X 4
the resultant wave? d 2Xo al

(Total 1 mark)

X and Y are two coherent sources of waves. The phase difference between
X and Y is zero. The intensity at P due to X and Y separately is I. The
wavelength of each wave is 0.20 m. What is the resultant intensity at P?

X
6.0m
YO+« < 13
5.6m
A 0 B I C 2 D 4 (Total 1 mark)

In a Young’s double-slit experiment, the distance between fringes is too small
to be observed. What change would increase the distance between fringes?

A Increasing the frequency of light

B Increasing the distance between slits

C Increasing the distance from the slits to the screen

D Increasing the distance between light source and slits

(Total 1 mark)
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11. Monochromatic light of wavelength A is incident on a double slit. The
resulting interference pattern is observed on a screen a distance y from
the slits. The distance between consecutive fringes in the pattern is 55 mm
when the slit separation is a. 4, y and a are all doubled. What is the new
distance between consecutive fringes?
A 55mm B 110mm C 220mm D 440mm

(Total 1 mark)

12. Alarge cube is formed from ice. A light ray is incident from a vacuum at
an angle of 46° to the normal on one surface of the cube. The light ray is
parallel to the plane of one of the sides of the cube. The angle of refraction
inside the cube is 33°.

—— ice cube

(a) Calculate the speed of light inside the ice cube. (2)
(b) Show that no light emerges from side AB. (3)
(c) Copy the diagram and sketch the subsequent path of the light ray. 2)
(Total 7 marks)
13. Monochromatic light from two identical lamps arrives on a screen. The
intensity of light on the screen from each lamp separately is I,
lamp @ I 2
———————————————————————————————— -0
lamp {}
SCreen
(a) Copy the axes below and sketch a graph to show the variation with distance
x on the screen of the intensity I of light on the screen. (1)
i
e
4
2_
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14.

15.

16.

Monochromatic light from a single source is incident on two thin, parallel slits.
The following data are available:
Slit separation =0.12mm  Wavelength =680 nm Distance to screen = 3.5 m

screen

(b) The intensity I of light at the screen from each slit separately is I,. Copy
the axes below and sketch a graph to show the variation with distance x
on the screen of the intensity of light on the screen for this arrangement. (3)

4
x/cm

(c) The slit separation is increased. Outline one change observed on
the screen. (1)

(Total 5 marks) %

beach sand
A lifeguard at L on the beach must rescue a person in need in the water at P.

Time is of the essence. Which path from L to P in the figure on the right
will take the least time and why? (Total 1 mark)
A coin is underwater. What does it appear to be?
A Nearer the surface than it really is
B Farther from the surface than it really is
C Asdeepasitreallyis
(Total 1 mark)
The two wave forms in the diagram are traveling in opposite directions.

Draw three diagrams to show the resultant wave forms when point O
reaches A, Band C.

(Total 4 marks)
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-« Music, no matter whether classical, pop, reggae or jazz, is all about standing waves. The notes that an &
instrument can produce depend on its length and boundary cenditions, and a musician might use
skilful techniques (like blowing harder or touching a string) to play different harmanics.

What distinguishes standing waves from traveling waves?
How does the form of standing waves depend on the boundary conditions?

How can the application of force result in resonance within a system?

The difference between a standing wave and a traveling wave can be illustrated by
looking at the difference between a skipping rope and a stadium wave. (Note that
neither are really waves.)

Viewed from the front, a skipping rope has a sinusoidal shape (a quarter of a
wavelength) so it looks like a wave but the wave profile does not move; the rope simply
moves up and down. All the parts of the rope are in phase but do not have the same
amplitude.

With a stadium wave, each person gets up at a different time. But if we assume they are
all the same height, the amplitude of each is the same.

A child’s swing can be used to illustrate the concept of resonance. If displaced and
released, a swing will oscillate with a frequency that depends on its length. If you push
the swing, you have to push it at this frequency. If you push at any other frequency, the
amplitude will never be large enough to be fun.

Students should understand:

the nature and formation of standing waves in terms of superposition of two identical waves
traveling in opposite directions

nodes and antinodes, relative amplitude and phase difference of points along a standing wave

standing wave patterns in strings and pipes

the nature of resonance, including natural frequency and amplitude of oscillation based on
driver frequency

the effect of damping on the maximum amplitude and resonant frequency of oscillation

the effects of light, critical and heavy damping on the system.
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C.4Figure 1 Two waves P>
approach and pass through
one another.

(f)

The two ends of the skipping
rope are the nodes.

- L

. antinode

node

Ist harmonic

A=2L

2nd harmonic

frequency = f,

iA=L

3rd harmonic

frequency = 2f)

_ 2
i=31

A

C.4 Figure 2 Standing
waves in a string.
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frequency = 3f,

Standing waves and resonance

Standing waves in strings

Consider two identical waves traveling along a string in
opposite directions as shown in Figure 1(a). As the waves
progress, they cross over each other and will superpose. In
Figure 1(b), the waves have each progressed %.l, and are out
of phase so they cancel out. The green line shows the
resultant wave. After a further %)., the waves will be in
phase as shown in Figure 1(c). Notice that even though the
waves are adding, the displacement of the midpoint
remains zero. Figures 1(a) to (e) show the waves in Ll—ik steps,
illustrating how they alternately add and cancel in such a
way that the midpoint never moves: this is called a node.
Either side of the midpoint, the waves sometimes add to
give a peak and sometimes a trough: these points are called
antinodes. Figure 1(f) shows the two extreme positions of
the resultant wave. Notice that the nodes are separated by a
distance %2..

Differences between progressive waves
and standing waves

The most obvious difference between a wave that travels
along the rope and the standing wave is that the wave
profile of a standing wave does not progress and nor does
the energy associated with it. A second difference is that
all points between two nodes on a standing wave are in
phase (think of the skipping rope), whereas points on

a progressive wave that are closer than one wavelength
are all out of phase (think of a stadium wave). The third
difference is related to the amplitude. All points on a
progressive wave have the same amplitude, but on a
standing wave, some points have zero amplitude (nodes)
and some points have large amplitude (antinodes).

Stringed instruments

Many musical instruments (guitar, violin, piano) use
stretched strings to produce sound waves. When the
string is plucked, a wave travels along the string to one
of the fixed ends. When it gets to the end, it reflects back
along the string, superposing with the original wave. The
result is a standing wave. The important thing to realize
about the standing wave in a stretched string is that since
the ends cannot move, they must become nodes, so only
standing waves with nodes at the ends can be produced.
Figure 2 shows some of the possible standing waves that
can be formed in a string of length L.



As shown in the diagram, each of the possible waves is called a harmonic. The first
harmonic (sometimes called the fundamental) is the wave with the lowest possible
frequency. To calculate the frequency, we can use the formula f= % so for the first
harmonic:

For the second harmonic:

The wave velocity is the same for all harmonics, so we can deduce that: f, = 2f,

Playing the guitar

When the guitar string is plucked, it does not just vibrate with one frequency but with
many frequencies. However, the only ones that can create standing waves are the ones
with nodes at the ends (as shown in Figure 2). You can try this with a length of rope.
Get a friend to hold one end and shake the other. When you shake the end at certain
specific frequencies, you get a standing wave, but if the frequency is not right, you do
not. This is an example of resonance: hit the right frequency and the amplitude is big.
So when the guitar string is plucked, all the possible standing waves are produced. If
the signal from an electric guitar pickup is fed into a computer, the frequencies can be
analyzed to get a frequency spectrum. Figure 3 shows an example.

relative amplitude

0 100 200 300 400 500 600 700 800
frequency/Hz

We can see from this graph that the string is vibrating at 100Hz, 200 Hz, 300 Hz and
so on. However, the largest amplitude note is the first harmonic (100 Hz) so this is the
frequency of the note you hear.

Playing different notes

A guitar has six strings. Each string is the same length but has a different diameter and
therefore different mass per unit length. The wave in the thicker strings is slower than

3 f . P v It . .
in the thin strings so, since f= 5 the thick strings will be lower notes.

The speed of a wave in
a string is given by the
formula:

=T

where F, = tension and
U= mass per unit
length.

This is why a thick
guitar string is a lower
note than a thin one,
and why the note
gets higher when you
increase the tension.

Here we are focusing
on the vibrating string.
The string will cause the
body of the guitar to
vibrate, which in turn
causes the pressure of
the air to vary. Itis the
pressure changes in
the air that cause the
sound wave that we
hear.

4 C.4 Figure 3 Frequency

spectrum for a string.

To play different notes on one string, the string can be shortened by placing a finger
on one of frets on the neck of the guitar. Since f= % the shorter string will be a higher
note.

A guitarist’s pressure on the
strings brings them tight to

the frets, which defines their
effective lengths.
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An alternative way to play a higher note is to play a harmonic. This is done by placing
a finger on the node of a harmonic (e.g. in the middle for the second harmonic) then
plucking the string. Immediately after the string is plucked, the finger is removed to
allow the string to vibrate freely.

Q1. The mass per unit length of a guitar string is 1.2 x 10> kgm™". If the tension
in the wire is 40 N, calculate:

(@) the velocity of the wave

(b) the frequency of the first harmonic if the vibrating length of the guitar
string is 63.5cm.

Q2. A 30cm long string of mass per unit length 1.2 x 10~ kgm™! is tensioned
so that its first harmonic is 500 Hz. Calculate the tension of a second string
with half the mass per unit length but the same length that has the same first
harmonic.

Q3. The first harmonic of a 1.0m long stretched string is 650 Hz. What will its first
harmonic be if its length is shortened to 80 cm, keeping the tension constant?

Challenge yourself

1. By adding the wave equations for two waves traveling in opposite directions,
show that the distance between nodes on a standing wave is 54.

Standing waves in closed pipes

When a sound wave travels along a pipe with closed boundaries, it will reflect off the
closed end. The reflected wave and original wave then superpose to give a standing
wave. A sound wave is a propagation of disturbance in air pressure. The change in
air pressure causes the air to move backward and forward in the direction of the
propagation. If the end of the pipe is closed, then the air cannot move back and forth
so a node must be formed. This limits the possible standing waves to the ones shown
in Figure 4.

In these diagrams, < L >
the sound waves

are represented by -
displacement-position 1st harmonic A=4L
graphs. These make Node | frequency = fi

the sound look like
a transverse wave
but remember the
displacement is in
the direction of the 3rd harmonic
disturbance,

A=3L
frequency = 3f

£

Antinode

A= 3L

/ frequency = 5f;

C.4 Figure 4 Standing > 5th harmonic
waves in a closed pipe.
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These diagrams show how the displacement of the air varies along the length of the

pipe, but remember, the displacement is actually along the pipe not perpendicular to it
as shown. The frequency of each harmonic can be calculated using f = i

For the first harmonic:

For the next harmonic:

v 3y
fi= q . 3f, so this is the third harmonic

3

relative amplitude

LIA._A e Ao

0 100 200 300 400 500 600 700 800
frequency/Hz

So when a standing wave is formed in a closed pipe, only odd harmonics are formed,
resulting in the frequency spectrum shown in Figure 6.

Standing waves in open pipes

If a wave is sent along an open-ended pipe, a wave is also reflected. The resulting

superposition of reflected and original waves again leads to the formation of a standing

wave. This time, there will be an antinode at both ends, leading to the possible waves
shown in Figure 7.

This time all the harmonics are formed.

= L >

A=2L

Ist harmonic frequency = f

A=L

2nd harmonic frequency = 2f

A=2L

3rd harmonic frequcncjz - f

| spectrum for a closed

C.4Figure 5 Remember
this is one quarter of a wave.
It can be useful to split the
harmonics into quarters
when determining the
frequency.

C.4 Figure 6 Frequency

< C.4Figure7 Standing

waves in an open pipe.
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Standing waves and resonance

Wind instruments

All wind instruments (e.g. flute, clarinet, trumpet and church organ) make use of the
standing waves set up in pipes. The main difference between the different instruments
is the way that the air is made to vibrate. In a clarinet, a thin piece of wood (a reed)

is made to vibrate, in a trumpet, the lips vibrate, and in a flute, air is made to vibrate

as it is blown over a sharp edge. Different notes are played by opening and closing
Tl s e e holes. This has the effect of changing the length of the pipe. You can also play higher
to vibrate. notes by blowing harder. This causes the higher harmonics to sound louder, resulting
in a higher frequency note. If you have ever played the recorder, you might have had

problems with this —if you blow too hard, you get a high-pitched noise that does not
sound so good.

The speed of sound in air is 340ms'.
Q4. Calculate the first harmonic produced when a standing wave is formed in a

%\ closed pipe of length 50 cm.

Q5. The airin a closed pipe in Figure 8 is made to vibrate by holding a tuning fork
of frequency 256 Hz over its open end. As the length of the pipe is increased,
loud notes are heard as the standing wave in the pipe resonates with the
tuning fork.

(@) What is the shortest length that will cause a loud note?

(b) If the pipe is 1.5 m long, how many loud notes will you hear as the
plunger is withdrawn?

whistle with your computer. In this example, Audacity®, free open source software, was used.
The drinking straw is turned into a whistle by cutting a notch close ta one end. When blown,
the noise is not very loud (rore of a rush of air than a whistle) but it is enough to analyze.
C.4 Figure 8 A drinking > L

straw whistle.

@ The speed of sound can be measured by sampling the sound made by a drinking straw

>

i )
The whistle was blown into the microphone of the computer and the sound recorded using
Audacity® (Figure 9). The frequency spectrum was then analyzed to find the harmonics of the

sound.
C.4 Figure 9 Screenshot e X | Audio Track ¥ 10
from Audacity® showing Stereo, 44100Hz 0o
sampled sound. 32-bit fioat <l
Mute | Solo |.1.0
L@t | 10
- @ | 00-
A worksheet with full @ A -1.0
details of how to carry

out this experiment is .
available in the eBoak.
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When we say the

source is moving, we

mean that it moves

relative to the medium

(air). The observer is

I A I N I at rest relative to the
| 1 i medium.

By measuring the sound from pipes
of different lengths, itispossibleto | T T T I T [ I I T T T T T1]1
plota graph of f vs I (Figure 10).

This should be a straight line with

gradient = velocity of sound.

100042 S000HL 100004z 15000Hz 20000HE <
Cursors 1034 He DR 10) = 11408  Pasks 20291 He (DariR) = 115088 ‘ c4 Flgure 10 The

Aoorif: [ioecinm 7] s 52 3 (e R frequency spectrum from
Purston: . [Hommma indon R T A = Audacity®.

Nature of Science

Damping occurs when a pendulum moves through air. By combining what we
know from the study of simple harmonic motion and motion through fluids,
we can derive a model for damped harmonic motion.

Resonance is a phenomenon related to mechanical vibrations. However, the
same model can be applied to electrical circuits, molecules, atoms, and nuclei.

Damped harmonic motion

4 C.4Figure 11 Amassona
spring (in space).

IiIiIifiﬁIiIi!i!i!iﬁﬁﬁIiIiIiIiIiIiﬁIiIiIiIiIiIiIiIiﬁ

(((

When dealing with oscillations, we only considered simple harmonic motion. That is,
motion where the acceleration of a body is proportional to the displacement from a
fixed point and always directed toward that point; for example, a mass on the end of a
stiff spring attached to the side of a spaceship (no gravity or air) as in Figure 11. When
the mass moves to the left, the spring gets stretched, and according to Hooke's law,
the force will be proportional to the extension. When the mass moves to the right, the
spring is compressed and the force pushing back is proportional to compression.

This motion can be represented by the equation ma = —kx.

This implies that the displacement, x = a cos wt. In other words, the motion is
sinusoidal as represented by Figure 13: w is the angular frequency, 2, where fis the
natural frequency of the oscillation.
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C.4 Figure 12 Free > EA
oscillation of a mass on a g
spring. "
&
2
If we now add a fluid around the ball, then it will experience a viscous force opposing
the motion. This force is proportional to the velocity of the ball so the equation for the
force becomes:
ma = —kx - by where b is some constant
bt
Solving this equation reveals that: x = ae ™ cos wt
So the amplitude decreases exponentially with time as shown in Figure 13.
C.4 Figure 13 Lightly [ 5
AN o 54
damped (or under- u
damped) harmonic motion g
the dashed line shows the -—;'
exponential change of =

amplitude.

The value of bm in the equation is equivalent to the decay constant in nuclear decay. If it is
large, then the amplitude will decrease in a short time. b is the constant of proportionality
relating the drag force with the velocity (F; = bv), so if the mass was surrounded by a much
more viscous fluid, then the drag force would be greater, resulting in heavier damping. If the
fluid is very viscous, the damping could be so heavy that the spring would not oscillate at
all. The damping is said to be critical if the mass returns to the equilibrium position as
quickly as possible but without crossing it, and over-damped if the system tends toward
the equilibrium position more slowly, as in Figure 14.

-
SA
§ over-damped
o
A - - T ¥ LR ] 1
A car suspension is critically 3
damped to prevent the car
oscillating after it goes over a w
bump in the road. time

C.4Figure 14 Critically | 2
damped and over-damped
harmaonic motion,
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Forced vibration Vou can see how the
different constants
affect the oscillation
by simulating damping
with Excel®.

When an oscillating system such as a mass on a spring is
disturbed, it will oscillate at its own natural frequency

1 .
s E The mass can also be made to vibrate at other

frequencies by applying a sinusoidally varying force as in
Figure 16. Here energy is being transferred from the motor

driving the oscillating platform to the ball and spring. Woetis e rehtiquship

between resonance
and simple harmonic

When driven in this way, the mass and spring will motion (C.1)?

oscillate with the frequency of the driver.

.—-—-‘
e\
—}

—
)
s}

—)
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—
)
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—
—)
—
—
—,
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!
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Simulation of forced harmonic motion

Using a simulation program like Algodoo® or Interactive
physics®, it is possible to make a simulation just like

the one in Figure 15. By varying the speed of the wheel,
we can investigate how the amplitude depends on the
driving frequency. Figure 16 shows the results from such
a simulated experiment where the natural frequency of
the mass—spring system was 2 Hz.

<« C.4Figure 15 A driven

oscillator.

i _
g 4
g
21
E 34
m
2]
4 < C.4Figure16 Graph of
] amplitude vs frequency for a
0 T T T T T driven oscillator.
0 1 2 3 ) 5

frequency/Hz

From this graph, we can see that the amplitude is biggest when the driving frequency is
equal to the natural frequency of the mass and spring. This is called resonance. You will How can resonance be
have experienced the same phenomenon if you have ever been pushed on a swing by explained in terms of
someone with no sense of thythm. If the pushes are not at the natural frequency of the fggjfwamﬂ Hiehe B
swing, the amplitude is small. However, if the pushes are at the same frequency, the

amplitude becomes large.

Resonance

Resonance is an important phenomenon, both in mechanics and in other areas of
physics, so is worth studying in detail.

Effect of damping

In a lightly damped system, the resonant frequency is the same as the natural
frequency, but if the damping is heavy, the resonant frequency is reduced. Figure 18
shows two resonance curves, one with light damping and one with heavy damping.

. . A : Itis possible to shatter a wine
The resonance peak for the lightly damped situation is also sharper than the heavily glass if it is made to vibrate at

damped example. its own natural frequency.
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C.4 Figure 17 Resonance B
curves with light and heawy
damping. Motice that the
resonant frequency is slightly

less when the damping is

neavy.

How does the
amplitude of vibration y
at resonance depend on i
the dissipation of energy

in the driven system
(A3)?

How can the idea

of resonance of gas
molecules be used to
model the greenhouse
effect? (NOS)
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E
g 4
2
2
E 34 light damping
2
" I heavy damping
0 T T T T T
0 1 2 3 4 5

frequency[Hz

When a damped oscillator is driven, the energy supplied by the driver is providing
energy to drive the system plus doing work against the damping force. Damping
reduces the maximum amplitude and resonant frequency of the resonating system.

Q6. A series of pendula is suspended on one string. When pendulum A starts
to swing, it disturbs the suspension, forcing pendulums B, C, D, E, and F to

oscillate,

(a) Comment on the phase difference between B, C, D, E, F, and A.
(b) Which pendulum will have the largest amplitude?

Examples of resonance

e Atruck drives past a room and makes plates rattle on a shelf.

*  Anoperasinger shatters a wine glass by singing a note with the same frequency as
its resonant frequency.

¢ Infrared radiation resonates with a CO, molecule.

e The air in a tube resonates to produce a sound when a wind instrument is blown.

e Aresonating quartz crystal is the basis of many clocks.

e Anengine part may break if it resonates with the frequency of the engine.

o Atall building can collapse if its natural frequency is the same as the frequency of
an earthquake.



Electrical resonance - an interesting link

Consider a capacitor C, resistor R, and coil of inductance L connected as shown in
Figure 18. (An understanding of capacitors is not required for your course but, in

short, they store charge so that a potential difference exists between the two plates. :

Awareness of inductance is also not required.) Y

At the present time, the capacitor is charged, creating a potential difference across the C.4Figure 18 An LCR
resistance, resulting in a flow of current through the coil. The current in the coil will cleeyit.

induce a magnetic field, but the changing magnetic field in the coil induces a current in

the coil that opposes the change producing it, causing current to flow back onto the

capacitor. The charge oscillates back and forth, energy transferring from electric to

magnetic. The frequency of the oscillation depends on the size of the capacitor and coil _

and the resistance causes damping. If this circuit is connected to a variable frequency AalertiEs el
AC supply, the current will be made to oscillate in the circuit. If the frequency is the has no moving parts but
same as the natural frequency, then resonance occurs and the current flowing is a can be modeled in the

maximum. Figure 19 shows the resonance curves for different values of R. ;a;;i::y - BEEo
This circuit is used in a radio receiver.
The values of L (this is related to

the coil) and C are varied to match
the frequency of a radio station. An
aerial picks up all radio stations but
the circuit resonates with the one

that has the same frequency as the

current

natural frequency. By reducing the

low R
resistance of the circuit, the peak ,
can be made narrower (reduced ’
bandwidth), making the circuit more __/
selective. i iR 4 C.4 Figure 19 Resonance
0 ! ‘& - curves for different values
i F
£y frequency of R

Guiding Questions revisited

What distinguishes standing waves from traveling waves?
How does the form of standing waves depend on the boundary conditions?

How can the application of force result in resonance within a system?

In this chapter, we have found that waves of equal amplitude and frequency traveling in
opposite directions (or a wave reflected on itself) can result in no net energy
propagation. In doing so, we now understand:

* Standing waves are common, featuring in musical instruments, but sometimes
have undesirable effects (i.e. failure or harm to the user) when a system’s driving
frequency matches its natural frequency.

* Anodeisa position of zero displacement.

* Anantinode is a position of maximum displacement.

All particles between two consecutive nodes oscillate in phase (and in antiphase

with the particles on adjacent loops).

* A standing wave on a string with two clasped ends will have nodes at the
boundaries, and its first harmonic as a single loop.
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Standing waves and resonance

A closed end on a pipe will mean that a node forms at this boundary.

An open end on a pipe will mean that an antinode forms at this boundary.
When a driver forces oscillations of a system with increasing frequency, the
amplitude increases to a maximum (resonance) at the natural frequency and
then decreases.

Damping is the interaction of an oscillating body and the fluid that surrounds it.
Heavy damping prevents even a quarter of a cycle from being completed, critical
damping results in a return to the equilibrium position as quickly as possible
without overshoot, and light damping reduces the amplitude of oscillations.
Damping as reducing the natural frequency of a system.

Practice questions

1.

250

(a) State the principle of superposition. (2)
A wire is stretched between two points A and B.

A B

A standing wave is set up in the wire. This wave can be thought of as being made
up from the superposition of two waves: wave X traveling from A to B, and wave
Y traveling from B to A. At one particular instant in time, the displacement of the
wire is as shown in the diagram below. A background grid is given for reference
and the equilibrium position of the wire is shown as a dotted line.

(b) Copy the grids below and draw the displacements of the wire due to

wave X and wave Y. (4)

wave X wave Y

Ao B B

(Total 6 marks)

There is a tall building near
to the site of the earthquake.
The base of the building
vibrates horizontally due to building
the earthquake.

direction of vibrations ground

4 .
* L




(a) Copy the diagram above and draw the fundamental mode of vibration
of the building caused by these vibrations. (1)

The building is of height 280 m and the mean speed of waves in the structure
of the building is 3.4 x 10°ms ™.

(b) Explain quantitatively why earthquake waves of frequency about 6 Hz
are likely to be very destructive. (3)

(Total 4 marks)

The diagram shows two pipes of the same length. Pipe A is open at both
ends and pipe B is closed at one end.

pipe A ] pipe B
(@) (i) Copy the diagram and draw lines to represent the waveforms of
the fundamental (first harmonic) resonant note for each pipe. (2)

(if) On each pipe, label the position of the nodes with the letter N and
the position of the antinodes with the letter A, (2)

The frequency of the fundamental note for pipe A is 512 Hz.
(b) (i) Calculate the length of pipe A (speed of sound in air=340ms™). (3)
(if) Suggest why organ pipes designed to emit low frequency
fundamental notes (e.g. frequency = 32 Hz) are often closed at

one end. 2)
(Total 9 marks)

The diagram shows two images of a machine designed to make a piston
oscillate. The bottom image was taken 0.125 s after the top image. The
wheel turns anticlockwise at a constant speed. The long rod is attached 1.0
cm from the center of the wheel.

(@) (i) Explain why the motion of the piston is approximately simple
harmonic. (2)

(i The motion is not exactly simple harmonic. Explain why and state

which feature reduces this effect. (2)
(iii) State the amplitude of the oscillation. (1)
(iv) Calculate the frequency of the oscillation. (1)
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The machine is connected to a 2.0 m long slinky spring suspended on strings.
The diagrams show before switching on and one revolution after switching on.

(b) () Determine the wavelength of the wave. (1)
(i) Calculate the velocity of the wave. (1)

(iii) The right end of the spring is free to move. Describe what happens
when the wave reaches this end. (2)
(iv) Deduce whether or not a standing wave will be formed. (3)

(c) The speed of the wave is given by the same equation as the speed of a
wave in a string:

where F, = tension and u = mass per unit length.
Assuming that the unstretched length is negligible in comparison with the
stretched length, show that doubling the length will double the velocity.  (3)

(d) The machine is now turned so that the piston is horizontal. A small
ball is placed on the piston so that it goes up and down with the piston.
The speed of the wheel is increased until the ball starts to rattle as it
loses contact with the piston. Determine the frequency at which this
takes place. (3)

(Total 19 marks)

5. The circuit represents a simple electrical oscillator. When the switch is
closed, charge flows from the capacitor to the coil. The flow of current
causes a changing magnetic field that induces an emf, sending the charge
back to the capacitor, and the cycle repeats. The frequency of the cycle
depends on the physical properties of the coil and capacitor:

1

@=TE

where L = inductance and C = capacitance.

Radio waves cause electrons to oscillate in the wire.

\h’@\

(a) Explain how this circuit could be used to tune a radio to one particular

frequency. (4)
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(b) If L=4.00 mH and C =2.00 pF, calculate the frequency of the radio
signal that will cause the most current to flow in the circuit. (2)

The frequency of the radio signal is varied from below the frequency
calculated in (i) to above this frequency.

(c) Sketch a graph of the variation of current (y-axis) with frequency
(x-axis). (2)
(Total 8 marks)
A pipe is open at both ends. Which is correct about a standing wave
formed in the air of the pipe?

A The sum of the number of nodes plus the number of antinodes is an
odd number.

B The sum of the number of nodes plus the number of antinodes is an
even number.

N

There is always a central node.
D Thereis always a central antinode.
(Total 1 mark)

A pipe of fixed length is closed at one end.
third harmonic frequency of pipe
What is i et S

first harmonic frequency of pipe

I i
A 3 B 3 C 3 D 5

(Total 1 mark)

On a guitar, the strings played vibrate between two fixed points. The
frequency of vibration is modified by changing the string length using a
finger. The different strings have different wave speeds. When a string is
plucked, a standing wave forms between the bridge and the finger.

(@) Outline how a standing wave is produced on the string. (2)

The string is displaced 0.4 cm at point P to sound the guitar. Point P on the
string vibrates with simple harmonic motion (SHM) in its first harmonic with a
frequency of 195 Hz. The sounding length of the string is 62 cm.

(b) Show that the speed of the wave on the string is about 240ms. (2)
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(c) Copy the axes below and sketch a graph to show how the acceleration

of point P varies with its displacement from the rest position. (1)
=
;
g
m
0
0 displacement

(d) The string is made to vibrate in its third harmonic. State the distance
between consecutive nodes. (1)

(Total 6 marks)

9. A pipeis open at both ends. A first-harmonic standing wave is set up in the
pipe. The diagram shows the variation of displacement of air molecules in
the pipe with distance along the pipe at time t = 0. The frequency of the first
harmonic is f.

displacement
to the right
4 edge of pipe

zero displacement

& left-hand end right-hand end
displacement of pipe of pipe
to the left

(a) Copy the diagram and sketch the variation of displacement of the air
molecules with distance along the pipe when r = %c. (1)

(b) An air molecule is situated at point X in the pipe at t = 0. Describe the

motion of this air molecule during one complete cycle of the standing
wave beginning fromt = 0. (2)

The speed of sound ¢ for longitudinal waves in air is given by:
K

c=\p

where p is the density of the air and K is a constant.

(c) A student measures fto be 120 Hz when the length of the pipe is 1.4m.
The density of the air in the pipe is 1.3kg m~. Determine the value of K
for air. Give your answer with the appropriate unit. (4)

(Total 7 marks)
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10. (@) Describe two ways in which standing waves differ from traveling waves. (2)

A vertical tube, open at both ends, is completely immersed in a container of
water. A loudspeaker above the container connected to a signal generator
emits sound. As the tube is raised, the loudness of the sound heard reaches a
maximum because a standing wave has formed in the tube.

signal generator
loudspeaker

| —water container

L tube

(b) Outline how a standing wave forms in the tube. (2)

The tube is raised until the loudness of the sound reaches a maximum for

a second time.

(c) Copy the diagram below and draw the position of the nodes in the
tube when the second maximum is heard. (1)

signal generator
loudspeaker

water container

tube

(d) Between the first and second positions of maximum loudness, the

tube is raised through 0.37 m. The speed of sound in the air in the tube
is 320ms™". Determine the frequency of the sound emitted by the

loudspeaker.

(2)
(Total 7 marks)

11. A mass—spring system is forced to vibrate vertically at the resonant

frequency of the system. The motion of the system is damped using a liquid.

I spring

| -container

— 11455

—

—liquid
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At time t = 0, the vibrator is switched on. At time t,, the vibrator is switched
off and the system comes to rest. The graph shows the variation of the vertical
displacement of the system with time until t;.

vertical
displacement
1 L = Il Il
L
>
(=
=
<J
==
=]
e
I
-4

(a) Explain, with reference to energy in the system, the amplitude of

oscillation between:
@) t=0andt, (1)
(ii) t,andt,. (1)

(b) The system is critically damped. Copy the graph above and draw the
variation of the displacement with time from t; until the system comes
to rest. (2)

(Total 4 marks)
12. A railway track passes over a bridge that has a span of 20 m. The bridge is
subject to a periodic force as a train crosses. This is caused by the weight

of the train acting through the wheels as they pass the center of the bridge.
The wheels of the train are separated by 25 m.

bridge train

| [ 1 S R R T |

+“—>
20m

(a) Show that, when the speed of the train is 10 m s°!, the frequency of the
periodic force is 0.4 Hz. (1)

=5

The graph on the right shows A
the variation of the amplitude

of vibration A of the bridge

with driving frequency f;

when the damping of the

bridge system is small.

0 1 2 £ JHz
(b) Outline, with reference to the curve, why it is unsafe to drive a train
across the bridge at 30 m s™' for this amount of damping. (2)

(¢) The damping of the bridge system can be varied. Copy the graph and

draw a second curve when the damping is larger. (2)

(Total 5 marks)
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13.

14.

15.

16.

You are emptying a large bottle of water. As the liquid runs out it makes a
‘gluug gluug gluug’ sound. As the bottle becomes empty, what happens to
the frequency of the sound?

A Itgetslower. B Itdoes not change. C It gets higher.
(Total 1 mark)
A guitar string is stretched from point A to point G. Equal intervals (A, B, C,

D, E, F, G) are marked and paper ‘riders’ are placed on the string at D, E and
F. The string is pinched at C and twanged at B. What happens?

A LA LA LA A
A B C D E E G

All the riders jump off.

None of the riders jump off.

The rider at E jumps off.

The riders at D and F jump off.

m o n ®w >

The riders at E and F jump off.

(Total 1 mark)
A mouse wants to get a ball bearing up and out of a bowl, but the ball is
too heavy and the sides of the bowl too steep for the mouse to support the

ball’s weight. Using only its own strength, without the help of levers and
such, what will the mouse be able to do?

A Not be able to get the ball bearing up and out of the bowl
B Beable to get the ball bearing up and out of the bowl (how?)

(Total 2 marks)
A body, mass m, rests on a scale pan which is supported by a spring. The
period of oscillation of the scale pan is 0.50 s.

(a) Itis observed that when the amplitude of the oscillations is increased,
and exceeds a certain value, the mass leaves the pan. Explain why the

mass leaves the pan. (&)
(b) At what point in the motion does the mass initially leave the pan? (3)
(Total 6 marks)
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<« The Hubble Deep Field is an image of a small section of the night sky captured by the Hubble Space "
Telescope aver 100 hours in 1995. Most of the bright objects captured are galaxies (some of them are ¥

among the most distant ever known) and the light from many of these galaxies is red-shifted. A red

shift of electromagnetic radiation is an increase in the wavelength of the light and is evidence for the N
expansion of the Universe. For sound waves, we refer to this change in the observed wavelength as the

Doppler effect.

How can the Doppler effect be explained qualitatively and quantitatively?
What are some practical applications of the Doppler effect?

Why are there differences when applying the Doppler effect to different types
of wave?

The Doppler effect is the change in frequency of a wave due to the relative motion of
source and observer. It can be observed in both light and sound but the reason for the
shift is quite different.

When sound is involved, there is a reference frame that we can measure the velocity of
sound relative to —the air. If the source or observer are not moving relative to the air,
then they are not moving.

Light does not need a medium so there is no difference between moving source or
observer. The shift in frequency is due to relativistic effects rather than a change in
wave velocity. For light, it makes no difference if you take the source or the observer to
be the one that is moving; it is their velocity relative to each other that is important.

Students should understand:

the nature of the Doppler effect for sound waves and electromagnetic waves

the representation of the Doppler effect in terms of wavefront diagrams when either the
source or the observer is moving

the relative change in frequency or wavelength observed for a light wave due to the Doppler
effect where the speed of light is much larger than the relative speed between the source and

; AF Al v
the observer as given by F= 4 %€
) What are the similarities
shifts in spectral lines provide information about the motion of bodies like stars and galaxies and differences between
in space. light and sound waves

(C2)?
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The Doppler effect

If you have ever stood next to a busy road, or even better a race track, you might
have noticed that the cars sound different when they come toward you and when
they go away. It is difficult to put this into words but the sound is something like this:
‘eeeecececeecoowwwwwwww’. The sound on approach is a higher frequency than
on retreat. This effect is called the Doppler effect and can occur when the source of
the sound is moving or when the observer is moving, or when both the source and
observer are moving.

C.5 Figure 1 The car starts ’

from the red spot and moves

forward. The largest circle is

the wavefront formed when

the car began.

)/

Start LN c
shl=rs
1
-.___._.--—/
In this course, we often Mowng source
explain phenomena The change in frequency caused when a source moves is due to the change in

that you h bserved . : . s o
ARG R wavelength in front of and behind the source. This is illustrated in Figure 1. You can
such as the change

in frequency as an see that the waves ahead of the source have been squashed as the source ‘catches up’
ambulance drives past. with them. The velocity of sound is not affected by the movement of the source, so the

What if you have never reduction in wavelength results in an increased frequency (since v = fi).
abserved such a thing? '

Moving observer

If the observer moves relative to a stationary source, the change in frequency observed
is due to the fact that the velocity of the sound changes relative to the observer. This

is because the velocity of sound is relative to the air, so if you travel through the air
toward a sound, the velocity of the sound will increase. Figure 2 illustrates the effect on
frequency of a moving observer.

C.5 Figure 2 The >
wavelength of the sound is
constant because the source
IS stationary.
v c c v
—_— —_—>

If the source moves at
the speed of sound, the % %
sound in front bunches

up to form a shock car | car2
wave. This causes the

bang (sonic boom)
you hear when a plane
breaks the sound barrier.
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The Doppler effect and electromagnetic radiation

The Doppler effect also applies to electromagnetic radiation (radio waves, microwaves
and light). The derivation of the formula is rather more complicated since the velocity
of light is not changed by the relative movement of the observer. However, if the
relative velocities are much smaller than the speed of light, we can use the following
approximation:

Af=2f,
Where: Af = the change in frequency
v = the relative speed of the source and observer
¢ = the speed of light in a vacuum
fo = the original frequency.

Red shift

If a source of light is moving away from an observer, the light received by the observer
will have a longer wavelength than when it was emitted. If we look at the spectrum as
shown in Figure 3, we see that the red end of the spectrum is long wavelength and the
blue end is short wavelength. The change in wavelength will therefore cause the light

to shift toward the red end of the spectrum — this is called red shift. This effect is very
useful to astronomers as they can use it to calculate how fast stars are moving away
from us. This is made possible by the fact that the spectrum of light from stars contains
characteristic absorption lines from elements such as hydrogen. The wavelength of these
lines is known so their shifted position in the spectrum can be used to calculate velocity.

Short wavelength Long wavelength

Full visible light spectrum

Hydrogen spectrum

Hydrogen spectrum from a receding star (red-shifted)

The rate at which
blood flows can be
found by measuring
the Doppler shift of
ultrasound waves
reflected off blood
cells. In this case, the
blood cell is moving
relative to the source,
and when it reflects
the wave, the reflected
wave is moving relative
to the receiver. This
causes a double shift in
frequency.

How can the use of the
Doppler effect for light
be used to calculate
speed? (NOS)

Unlike the Dappler
effect for sound, it does
not matter whether it is
the source or observer

that moves.
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Example: Radars

Police speed traps use the Doppler effect to measure the speed of passing cars. When
they aim the device at the car, a beam of electromagnetic radiation (radio waves,
microwaves or infrared) is reflected off the car. The reflected beam undergoes a double
Doppler shift. First the car is approaching the beam so there will be a shift due to the
moving observer, and second the reflected beam is emitted from the moving source.
When the device receives the higher frequency reflected beam, the speed of the car can
be calculated from the change in frequency.

Speed cameras use the ’
Doppler effect.

Worked example

A speed trap uses a beam with a wavelength 1.0cm. What is the change in
frequency received by the detector if the beam reflects off a car traveling at
150kmh™'?

Solution
First convert the car’s speed tom s™:

150kmh!'=42ms!

¢ fih _¢_3.00x10°
requency of t el.Ocmwave—E—W

Change in fof signal received by car is given by:
Af=f,
=2
" 3.00 % 108
This shift is then doubled since the car, now the source of the reflected wave, is
traveling toward the detector, so the change in frequency = 8.4 x 10°Hz.

Q1. A star emits light of wavelength 650 nm. If the light received at the Earth
from this star has a wavelength of 690 nm, how fast is the star moving away
from the Earth?

=3.0x 10'°Hz

x30x10"=42x10°Hz

Q2. Anatom of hydrogen traveling toward the Earth at 2 x 106ms~! emits light
of wavelength 658 nm. What is the change in wavelength experienced by an
observer on the Earth?
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The expanding Universe

In the early 1920s, Albert Einstein developed his theory of general relativity, and while
Einstein and Friedmann were developing their theories, Vesto Slipher and Edwin
Hubble were taking measurements. Slipher was measuring the line spectra from
distant galaxies and Hubble was measuring how far away they were. Slipher discovered
that the spectral lines from all the galaxies were shifted toward the red end of the
spectrum. If this was due to the Doppler shift, it would imply that all of the galaxies
were moving away from the Earth. Given the change in wavelength, Hubble then
calculated the velocity of the galaxies using the Doppler formula:

v _AA
oy
Where:
v = the recessional velocity ' What gives rise to
¢ = the speed of light emission spectra and
A/ = the change in wavelength how can they be used to

determine astronomical

Aem = the wavelength originally emitted from the galaxy distances? ()

z = the fractional increase or z parameter (no units).

Q3. Aspectral line from a distant galaxy of wavelength 434.0 nm is red-shifted to
479.8nm. Calculate the recession speed of the galaxy.

Q4. The same line from a second galaxy is shifted to 481.0nm. Calculate its
recession speed. Is this galaxy closer or further away?

Hubble’s law

In 1929, Hubble published his
discovery that there appeared to be
a linear relationship between the
recessional velocity and distance to
the galaxy. This can be illustrated
by plotting the data on a graph as
shown in Figure 4.

4 C.5 Figure 4 Graph of
recession speed of galaxies
against their distance from
the Earth.

velocity/kms

The recessional velocity of a distant
galaxy is directly proportional to its
distance.

In other words, the further away a
galaxy is, the faster it moves away /ot
from us. o0l . PR
0 20 40 60 80 100 120 140

distance/Mpc

>
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WAVE BEHAVIOR c-5 Doppler effect

This can be expressed in terms of the formula:

vood
Or:
v=Hyd

where H, is the Hubble constant. This is the gradient of the line and has the value
72 km s~ ! Mpc!. This gives a measure of the rate of expansion of the Universe. This is
probably not a constant rate since the effect of gravity might slow down the rate over
time. H, is the current value.

Q5. Use Hubble’s law to estimate the distance from the Earth to a galaxy with a
recessional velocity of 150kms".

Q6. If a galaxy is 20 Mpc from Earth, how fast will it be receding?

Guiding Questions revisited

How can the Doppler effect be explained qualitatively and quantitatively?
What are some practical applications of the Doppler effect?

Why are there differences when applying the Doppler effect to different types
of wave?

In this chapter, we have studied the interactions between the velocity of a wave and the
velocities of its source and observer to appreciate how:

¢ The motion of a source of a wave causes the wavelength of the wave to decrease
in front and increase behind, which means that an increased frequency is
observed for an approaching source and a decreased frequency is observed for a
receding source.

* The same qualitative effects are observed when an observer approaches a wave
source (increased observed frequency) and recedes from the source (decreased
observed frequency), although, in this case, the emitted wavelengths are
constant throughout.

s This ‘Doppler effect’ is useful in medicine (to examine circulation), transport
(radar for speed measurements) and cosmology (motion of galaxies relative to
the Earth).

* When the wave speed is much higher than the relative speed of the source and
observer (e.g. light), the ratio of the change in the observed frequency to the
frequency at source is approximately equal to the ratio of the velocity of the
source to the speed of the wave.
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Practice questions

1. The diagram on the right shows wavefronts produced by a stationary wave

source S. The spacing of the wavefronts is equal to the wavelength of the
waves. The wavefronts travel with speed v. @

(a) The source S now moves to the right with speed v. Copy the diagram and
draw four successive wavefronts to show the pattern of waves produced
by the moving source. (3)

The Sun rotates about its center. The light from one edge of the Sun, as seen
by a stationary observer, shows a Doppler shift of 0.004 nm for light of
wavelength 600.000 nm.

(b) Assuming that the Doppler equation for sound may be used for light,
estimate the linear speed of a point on the surface of the Sun due to its
rotation. (3)

(Total 6 marks)
2. Asource emits sound of wavelength 2, and wave speed v,. A stationary

observer hears the sound as the source moves away. What are the wavelength
of the sound and the wave speed of the sound as measured by the stationary

observer?
A less than Ag equal to v,
B greater than A equal to v,
C less than 4, less than vy
D greater than 4 less than v,

(Total 1 mark)

3. Atrain approaches a station and sounds a horn of constant frequency and
constant intensity. An observer waiting at the station detects a frequency f
and an intensity I;,. What are the changes, if any, in I, and f;, as the train
slows down?

’obs f obs
A no change decreases
B increases increases
C no change increases
D increases decreases

(Total 1 mark)
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4. On approaching a stationary observer, a train sounds its horn and decelerates
at a constant rate. At time t, the train passes by the observer and continues to
decelerate at the same rate. Which diagram shows the variation with time of
the frequency of the sound measured by the observer?

>
=]

= b -
£2 £2
2 3 23
§ 2 g2
E i | horn’s E :\ | horn's
E ) frequency E‘ =) frequency
o 7}
z =
& ; & :
£ time i time
C D
b~ -
o W e
55 S5
2 @ @ @
Y = -]
E° | horn's E S | horn's
a\-g\ frequency i 2 frequency
= =
{7} 7}
§ :
& ; & :
t time i time

(Total 1 mark)

5. A stationary sound source emits waves of wavelength A and speed v. The
source now moves away from a stationary observer. What are the wavelength
and speed of the sound as measured by the observer?

Wavelength Speed

A longer than A equal to v
B longer than A less than v
C shorter than 4 equal tov
D shorter than 4 less than v

(Total 1 mark)

6. Twolines, X and Y, in the emission spectrum of hydrogen gas are measured by
an observer stationary with respect to the gas sample. The emission spectrum
is then measured by an observer moving away from the gas sample. What are
the correct shifts, X* and Y*, for spectral lines X and Y?

X Y

increasing wavelength

B Y'Y

>
e
=
I
*
-
S
-
=
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(Total 1 mark)

7. Police use radar to detect speeding cars. A police officer stands at the side of
the road and points a radar device at an approaching car. The device emits
microwaves that reflect off the car and return to the device. A change in
frequency between the emitted and received microwaves is measured at the
radar device.

The frequency change Afis given by:

N
af=F

where fis the transmitter frequency, v is the speed of the car and ¢ is the

wave speed.

The following data are available:

Transmitter frequency, f= 40 GHz

Af=9.5kHz

Maximum speed allowed = 28 m s~

(a) Explain the reason for the frequency change. (2)
(b) Suggest why there is a factor of 2 in the frequency change equation.  (2)

(c) Determine whether the speed of the car is below the maximum speed
allowed. (2)

(Total 6 marks)
8. Objects are detected by radar; that is, by sending out radio signals and then

receiving the radio signals reflected back from the objects. In the diagram, a
radar signal is sent from Earth to a planet.

Earth
spin
(@) The signal from which part of the planet returns to the Earth first? (2)
(b) The signal from which part of the planet returns with the highest
frequency? (2)
(Total 4 marks)
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D Fields

<« The aurora borealis ('northern lights') and aurora australis ('southern lights') can sometimes be seen on
clear, dark nights from spots near to the poles. They are caused by interactions between the solar wind
and the Earth’s magnetic field.

A field is a region of space in which a force is experienced. Particles with mass
experience forces when in gravitational fields, charged particles experience forces

in electric fields and magnetic domains and moving charges experience forces in
magnetic fields. The direction of force can be represented by field lines and the
strength of field by the proximity at which the lines are drawn. While gravitational
fields are always attractive, electric fields can be either attractive (for unlike charges) or
repulsive (for like charges).

A field can be uniform, with constant field strength throughout. In these instances,
potential energy changes in equal steps with equal distances moved. Alternatively,
fields can be radial, for example when a result of a point or spherical mass or charge.

In gravitational radial fields, the force is proportional to the product of the masses and
inversely proportional to the square of the distance between them. In electric fields, the
force is proportional to the product of the charges and inversely proportional to the
square of the distance between them. You will also learn about Kepler’s laws.

Electromagnetism emerges from electric currents because moving charges have
associated magnetic fields. When placed within the field of an existing magnet, a
perpendicular force is exerted on the charges or the conductor that contains them. The
size of force depends on the charge (or length of conductor), its speed (or current) and
the magnetic field strength, and you will also learn how to determine the force per unit
length between parallel wires. Electromagnetism can be put to use in spinning motors
or oscillating loudspeaker cones.
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o Gravitational field strength, the gravitational force acting per unit mass, is often assumed to be constant
worldwide, However, when Hirt et al. (Geophysical Research Letters, 2013) used ultrahigh-reselution
pictures to map the Earth's surface, gravitational field strength was found to vary from 3.83 Nkg ' in the
Arctic Ocean to 9.76 Nkg™ at the summit of Huascaran, a mountain in Peru (shown here). As you
study the content in this chapter, think about why this variation exists and what might be responsible.

Guiding Questions

How are the properties of a gravitational field quantified?

How does an understanding of gravitational fields allow humans to explore the
solar system?

Nature of Science

Newton’s universal law of gravitation suggests a very simple relationship between
the mass of a body and the force between it and every other particle of mass in the
Universe. However, it does not explain why matter behaves in this way.

To help us understand the way a gravitational field varies throughout space, '
we will use the visual models of field lines and potential surfaces.

If we want to make a body move, we have to apply a force. We could push or pull it
with our hands. If the body moved without us touching it, we would call it magic.

But when a body is released from a height, it falls without being in contact with
anything. How? The gravitational force.

What is gravity? It is the thing that makes a ball fall toward the Earth. Why does a ball fall to
the Earth? Because of gravity. We made up gravity to answer the question. The gravitational
force on a body is proportional to its mass. We have been using weight = mg since it was
introduced as a force. But mass is not just related to weight. From Newton's second law, we
know that mass is the ratio of force to acceleration, which does not refer to gravity.

We end up with two definitions of mass: inertial mass and gravitational mass. Newton

did not manage to explain the connection between these two definitions. Einstein did, |
however, by realizing that if you were in a box accelerating upward at 9.8 ms2, it would |
feel the same as if you were in a box that was stationary on the Earth. This principle of
equivalence is the basis of Einstein’s general theory of relativity, the modern gravitational
model, which explains gravitation in terms of the curvature of space—time.

Students should understand:

Kepler's three laws of orbital motion

s . san . m'm? .
Newton’s universal law of gravitation as given by F = G—— for bodies treated as
point masses

conditions under which extended bodies can be treated as point masses

gravitational field strength g at a point is the force per unit mass experienced by a

i . : F M
small point mass at that point as given by g == Gz

gravitational field lines.
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A

D.1 Figure 1 The apple
drops and the Sun seems
to move in a circle, but it
s gravity that makes both
things happen.

Was it reasonable for
Newton to think that
his law applied to the

whole Universe?

We often look at the
applications of physics
with an international
perspective but
perhaps we should
adopt a universal
perspective.

A

The modern equivalent of the
apparatus used by Cavendish
to measure G in 1798,

Physics utilizes a
number of constants
such as G. What is

the purpose of these
constants and how are
they determined? (NOS)

272

Gravitational fields

Gravitational force and field

We have all seen how an object falls to the ground when released. Newton was not
the first person to realize that an apple falls to the ground when dropped from a tree.
However, he did recognize that the force that pulls the apple to the ground is the same
as the force that holds the Earth in its orbit around the Sun. This was not obvious
—after all, the apple moves in a straight line and the Earth moves in a circle. In this
chapter, we will see how these forces are connected.

Newton’s universal law of gravitation

Newton extended his ideas further to say that every single particle of mass in the
Universe ‘gravitates toward' every other particle of mass. In other words, everything in
the Universe is attracted to everything else. So there is a force between the end of your
nose and a lump of rock on the Moon.

Newton's universal law of gravitation is often phrased as:

Every single point mass attracts every other point mass with a force that is directly
proportional to the product of their masses and inversely proportional to the square
of their separation.

If two point masses with mass m, and m, are separated by a distance r, then the force, F,
experienced by each will be given by:

m,m
EFo |2 2
r
o— «—0
11, M <« D.1Figure 2 The gravitational force F

between two point masses,

- r ¥
The constant of proportionality is the universal gravitational constant G.
G=6.67 x 10" m*kg's?

Therefore the equation is:
mm
1M
F=G 2

Extended bodies

An extended body is any object at which the mass is not confined to a point.

Every extended body has a center of mass around which mass is uniformly distributed. In
regularly shaped bodies with uniform distribution of mass, this is the center of the object.

The center of gravity of a body is the point at which the entirety of its weight can be
taken to act.

In a uniform field, the center of mass and the center of gravity are identical. The center
of gravity of a sphere is at its center and this particular example of an extended body
can be treated as a point mass.

In a non-uniform field, the gravitational force acting on the mass is greater where field
strength is greater; the center of gravity of the Moon (for example) is not in the center
but instead slightly toward the Earth.



Spheres of mass

By working out the total force between every particle of one sphere and every
particle of another sphere, Newton deduced that spheres of mass follow the same law,
where ris the separation between their centers. This is because spheres are
symmetrically spherical.

iy

How fast does the apple drop?

If we apply Newton'’s universal law to the apple on the surface of the Earth,

we find that it will experience a force given by: A
o mymy D.1 Figure 3 Forces
F=G r2 between two spheres. Even

though these bodies do not
have the same mass, the
force on them is the same
size. This is due to Mewton's

where: m, = mass of the Earth = 5.97 x 10%*kg

m, = mass of the apple = 250 g

r = radius of the Earth = 6378km (at the equator) third law: If mass my exerts
a force on mass m;, then
So: F=243N ma will exert an equal and

| opposite force on m.

From Newton’s second law, we know that F = ma. |

ms—

4
So: acceleration a of the apple = 025

a=9.79ms?

This is very close to the average value for the acceleration of free fall on the Earth’s
surface. It need not be exactly the same since 9.81 msis an average for the whole
Earth, the radius of the Earth being maximum at the equator.

Q1. The mass of the Moon is 7.35 x 102kg and its radius is 1.74 x 10°km.
What is the acceleration due to gravity on the Moon’s surface?

Gravitational field

The fact that both the apple and the Earth experience a force without being in contact
makes gravity different from the other forces we have come across. To model this |
situation, we introduce the idea of a field. A field (in the physical sense) is a region

of space where forces are experienced by bodies with the appropriate property.

A gravitational field is a region where you find gravity. More precisely, a gravitational

field is defined as a region of space where a mass experiences a force because of

its mass.

So there is a gravitational field in your classroom since masses experience a force in it.
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A

D.1 Figure 4 The region
surrounding M is a
gravitational field since all the
test masses experience a force.

What measurements
of a binary star system
need to be made in
order to determine the
nature of the two stars?
{ G 2

D.1 Figure 5 Field lines for
a sphere of mass.
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Field strength on the Earth's surface:
Substituting:
M = mass of the Earth = 5.97 x 10 kg
r = average radius of the Earth = 6371km
gives
9=GM=-9381Nkg"

This is the same as the acceleration due to gravity, which is what you might
expect, since Newton's second law says thata = %

Gravitational field strength, g
This gives a measure of how much force a body will experience in the field. It is defined

as the force per unit mass experienced by a small point mass placed in the field.

So if a test mass, m, experiences a force F at some point in space, then the field strength,
grid F
g atthat point is given by: g = "

Gravitational field strength g is measured in Nkg! and is a vector quantity.

Note: When a second mass (with its own gravitational field) is placed in the original
field, the field strength at any given location is a vector sum of the two. It is convenient,
therefore, to define gravitational field strength on the assumption that the second mass
is a ‘point’ (i.e. so that its own gravitational field has no effect on the field strength
measured at the point) and 'small’ (i.e. much smaller than the original mass).

Gravitational field around a spherical object

The force experienced by a mass m in the field produced by a mass M is given by:

gt
“oa

F
So: field strength at this point in space, g = &

M
So: g= G?

Q2. The mass of Jupiter is 1.89 x 10¥ kg and its radius is 71492 km.
What is the gravitational field strength on the surface of Jupiter?

Q3. What is the gravitational field strength at a distance of 1000 km from the
surface of the Earth?

Field lines

Field lines are drawn in the direction that a mass would accelerate if placed in the field
—they are used to help us visualize the field.

The field lines for a spherical mass are shown in Figure 5:
* The arrows give the direction of the field.

* The field strength, g, is given by the density of the lines.



Gravitational field close to the Earth

When we are doing experiments close to the Earth, in the classroom, for example, we
assume that the gravitational field strength is constant throughout. This means that
wherever you put a mass in the classroom it is always pulled downward with the same
force. We say that the field is uniform.

Addition of field

Since field strength is a vector, when we add field strengths caused by several bodies,
we must remember to add them vectorially.

In this example, the angle between the vectors is 90°. This means that we can use
Pythagoras to find the resultant.

g=Je’+g’

Worked example

Calculate the gravitational field strength at point A.

o=
e

«—Im—re«—25m—>»«—25m—>»

Solution

The gravitational field strength at A is equal to the sum of the fields due to the two
masses.

x 1000
field strength due to large mass = GzT =1.07 x 10-*Nkg™!
x 100
field strength due to small mass = 55 1.07 x 10?Nkg™!
field strength = 1.07 x 10*~1.07 x 10
=9.63 x 10-'Nkg™

‘ D.1 Figure 6 Close o the
Earth the field is uniform.

The value of g is
different in different
places on the Earth.
Do you know what it is
where you live?

\What are the benefits
of using consistent
terminology to describe
different types of fields?
(NOS)

4 D.1 Figure 7 \ectol
addition of field strength.

Since field strength g is
a vectar, the resultant
field strength equals
the vector sum.
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How can the motion of
electrons in the atom be
modeled on planetary
motion and in what
ways does this model
fail2 (NOS)

D.1 Figure 8 The Earth B
orbiting the Sun,
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Gravitational fields

Q4. Calculate the gravitational field strength at point B in the figure in the worked
example above.

Q5. Calculate the gravitational field strength at point A if the big mass were
changed for a 100kg mass.

The solar system

The solar system consists of the Sun at the center, surrounded by eight orbiting
planets. The shape of the orbits is slightly elliptical but, to make things simpler, we will
assume them to be circular. We know that for a body to travel in a circle, there must
be an unbalanced force (called the centripetal force, mw?r) acting toward the center.
The force that holds the planets in orbit around the Sun is the gravitational force, G%.
Equating these two expressions gives us an equation for orbital motion:
Mm

malr = G7
Now w is the angular velocity of the planet; that is, the angle swept out bir a radius per
unit time. If the time taken for one revolution (2x radians) is T, then w = Tﬂ

Substituting into the equation above gives:

2m\2 Min

m(T) r=Gg
Rearranging gives: 132 - ﬁ
¥ GM

where M is the mass of the Sun.

2
So for planets orbiting the Sun, e is a constant, or T2 is proportional to r3.

This is Kepler’s third law.



From this, we can deduce that the planet closest to the Sun (Mercury) has a shorter

i ‘ 51 How is uniform circular
time period than the planet furthest away. This is supported by measurements:

motion like, and unlike,

time period of Mercury = 0.24 years i

time period of Neptune = 165 years.

Q6. Use adatabase of planetary information to make a table of the values of
time period and radius for all the planets. Plot a graph to show that T2 is
proportional to 13,

Kepler’s laws

Kepler is associated with three laws for planetary motion. All three can be derived
from Newton’s laws, but Kepler came up with them empirically by measuring orbital
times and radii of the planets and looking for relationships among the numbers.
First law

Planetary orbits are elliptical with a star at a focus.

In this course, we deal only with circular orbits (a special example of an ellipse), but
Newton's law also predicts elliptical orbits.

Second law

The radius vector from the star to the orbiting body sweeps equal areas in equal times.

This is obvious for circular orbits but not so obvious for elliptical ones.

< D.1Figure9 Keplers first
equal areas . and second laws.

in equal times

Qualitatively, we can understand the second law as being because the orbiting body
(for example, a planet) gets faster as it gets closer to the star. This is because its kinetic
energy must increase as its potential energy decreases, which in turn is because its
energy is conserved.
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It is strange how
everyane can describe
the motion of the
planets as viewed from
a long way outside

the solar system but
few can describe the
motion as seen from
the Earth.

Thete are two versions
of the equation for
centripetal force:
Speed version:
F=mv

7
Angular speed version:

F = ma?r

The orbits of spy
satellites are set so that
they pass over places
of interest. Which
countries have most

spy satellites passing
overhead?
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Third law

The square of the orbital period is proportional to the cube of the semi-major axis

of the ellipse (the distance from the center of the ellipse to the farthest point on the
perimeter). For a circular orbit, 7% o< r*, where T'is the orbital period and r is the radius
of the orbit.

This means that the ratio of 72 to * is constant for all planets in the same solar system.
This law comes from equating the gravitational force according to Newton’s law with
the equation for centripetal force.

Earth satellites

The equations we have derived for the orbits of the planets also apply to the satellites
that humans have put into orbits around the Earth. This means that the satellites closer
to the Earth have a time period much shorter than the distant ones. For example, a
low-orbit spy satellite could orbit the Earth once every two hours while a much higher
TV satellite orbits only once a day.

Q7. So that they can stay above the same point on the Earth, TV satellites have a
time period equal to one day. Calculate the radius of their orbit.

Q8. A spy satellite orbits 400 km above the Earth. If the radius of the Earth is
6400 km, what is the time period of the orbit?

Guiding Questions revisited

How are the properties of a gravitational field quantified?

How does an understanding of gravitational fields allow humans to explore
the solar system?

In this chapter, we have considered gravitational fields through the models of Kepler
and Newton to develop an understanding of how:

* Kepler's three laws state collectively that bodies’ orbits of a celestial mass are
elliptical with the mass at a focus, that equal areas are swept out by these bodies
in equal times, and that the square of a body’s orbital period is proportional to
the cube of its orbital radius (for circular orbits).

* Newton’s universal law of gravitation states that the gravitational force acting
between any two masses in the Universe is proportional to the product of the
masses and inversely proportional to the square of the distance between their
centers of masses.

* Gravitational field strength is defined as the gravitational force acting per unit
mass.

* Field lines represent the direction of the force that would act on a mass placed in
the field, with the closeness of the lines indicating the strength of the field.

* Knowledge of forces, energy and fields can be used to estimate the escape speed
that a solar system probe or telescope would need to be launched with from the
Earth, assuming the atmosphere causes no drag.



Practice questions

1. An object of mass m released from rest near the surface of a planet has an

initial acceleration z. What is the gravitational field strength near the surface of

the planet?

A

B
[ G2
D

Z

Sl

e

(Total 1 mark)

2. Which graph shows the relationship between gravitational force F between

two point masses and their separation r? (1)
A B
F
G T
Iy F
D
F
0+
1 0 1
r r

(Total 1 mark)

3. Twoisolated point particles of mass 4M and 9M are separated by a distance

1 m. A point particle of mass M is placed a distance x from the particle of mass

9M. The net gravitational force on M is zero. What is x?

o n = >

4M
@

M oM
L il
I | not to scale
| x |
4
Tt
2
sm
3
5 m
9
ol

(Total 1 mark)
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4. A planetisin a circular orbit around a star. The speed of the planet is constant.

(a) Explain why a centripetal force is needed for the planet to be in a circular
orbit. (2)

(b) State the nature of this centripetal force. (1)
The following data are given:
Mass of planet = 8.0 x 102*kg

Radius of planet = 9.1 x 10°m
(c) Determine the gravitational field strength at the surface of the planet.  (2)
(Total 5 marks)
5. The moon Phobos moves around the planet Mars in a circular orbit.
(a) Outline why the gravitational force does no work on Phobos. (1)
The orbital period T of a moon orbiting a planet of mass M is given by:
X =kM

where R is the average distance between the center of the planet and the center
of the moon.

(b) Show that k=

= (3)

The following data for the Mars—Phobos system and the Earth-Moon system
are available:

Mass of Earth = 5.97 x 10*kg
The Earth-Moon distance is 41 times the Mars—Phobos distance.

The orbital period of the Moon is 86 times the orbital period of Phobos.
(c) Calculate, in kg, the mass of Mars. (2)
(Total 6 marks)

6. (a) Inacavebelow the surface of the Earth, which is correct about the gravity? (1)
A There is more gravity than at the Earth’s surface.
B There s less gravity than at the Earth’s surface.
C There is the same gravity as at the Earth’s surface.
(b) Explain your answer. (1)
(Total 2 marks)
7. (a) Asyou move away from the Earth, its gravity gets weaker. But suppose

it got stronger. If that were so, would it be possible for objects, like the
Moon, to orbit the Earth? (1)

A Yes, just as they do presently.
B Yes, but unlike they do presently.
C No, orbital motion could not occur.
(b) Explain your answer. (1)
(Total 2 marks)
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8. The Sun orbits the center of the Milky Way galaxy at a radius of 30 000 light
years and with a period of orbit of 200 million years. Assume that the mass
distribution of matter in the galaxy is concentrated mainly in a central uniform
sphere and the Sun lies in one of the arms.

(a) Obtain an expression for the period of

orbit T of the Sun in terms of its radius
of orbit, r, G and M, the mass of the

galaxy. (1)

(b) Determine a value of the mass of the galaxy. (1)
(c) Ifthe Sun represents the mass of an average star, estimate the number of

stars in the Milky Way. (1)

(Total 3 marks)
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o Strong electric fields can break down the air, resulting in a spark. To prevent sparking between
high-voltage cables, they must be kept far apart from each other and the Earth.

Which experiments provided evidence to determine the nature of the

®0

electron?

How can the properties of fields be understood using an algebraic approach
and a visual representation?

What are the consequences of interactions between electric and magnetic
fields?

Nature of Science

The electric force is very similar to gravitation in that it acts over a distance
and its strength is inversely proportional to the distance between affected
bodies. This means that we can use the concept of field we developed for
gravity to model the electric effect.

Electric fields and gravitational fields can be modeled in similar ways. By changing
mass to charge, we go from gravity to electricity. However, they could not be more
different and they represent two of the four fundamental forces.

Electricity and magnetism may appear to be quite distinct. There is no magnetic
equivalent of charge or mass and no replacement for the laws of Newton and Coulomb.
Saying this, they are fundamentally the same. The magnetic force is the electric force
between moving charges.

Students should understand:

the direction of forces between the two types of electric charge

9.4, . .
= for charged bodies treated as point charges

Coulomb’s law as given by F =k
where k =

4re,

the conservation of electric charge

Millikan's experiment as evidence for quantization of electric charge

the electric charge can be transferred between bodies using friction, electrostatic
induction and by contact, including the role of grounding (earthing)

the electric field strength as given by E = g

electric field lines

the relationship between field line density and field strength

e ; T =¥
the electric field strength for parallel plates as given by E = =

magnetic field lines.
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Why does a charged

balloon 'stick to a wall? @

Let us assume that the
balloon is hegatively
charged. When the
balloon is brought
close to the wall, the
negative electrons in
the wall are repelled
and move away from
the walls surface.
The net migration

of electrons within
the wall means that
the surface has a
temporary positive
charge, to which the
negative balloon is
attracted. We call this
process induction’

of charge.

D.2 Figure 1 The balloon is
attracted ta the wool.

D.2 Figure 2 Balloons repel ?

each other.

Historically, the decision
was related to silk

and glass rather than
sweaters and balloons
but it was just as
arbitrary. In some ways
it was a pity this way
was chosen.

D.2 Figure 3 More
balloons, bigger force.

D.2 Figure 4 The charge
on the sweater cancels the
charge on the balloon, which
means no force is exerted on
a nearby uncharged balloon.
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Electric force

If you rub a plastic ruler on a woolen sweater (or synthetic fleece) and hold it above some
small bits of paper, something interesting happens. The paper jumps up and sticks to the
ruler. We know that to make the paper move there must have been an unbalanced force
acting on it; we call this the electric force. To find out more about the nature of this
force, we need to do some more experiments. This time we will use a balloon.

If we rub a balloon on a sweater, we find that it will experience a force in the direction
of the sweater as shown in Figure 1. The sweater is causing this force, so according to
Newton'’s third law, the sweater must experience an equal and opposite force toward
the balloon: the two objects are said to attract each other.

Be

90

If two balloons are rubbed together against friction and held close to each other, they
will experience a force pushing them away from each other as shown in Figure 2. They
are said to repel each other.

In some ways, this effect is similar to gravity, as the force acts over a distance and gets
bigger as the bodies are brought closer together. In other ways, it is very different

to gravity. The gravitational force is experienced by bodies with mass and always
attractive, whereas the electric force can be either attractive or repulsive. Whatever
property is responsible for the electric force must exist in two types. We call this
property charge. Experimenting further, we find that the more balloons we have,

the greater the force, as in Figure 3. Also, a balloon attached to the sweater on which it
was charged exerts no force on a nearby uncharged balloon as in Figure 4.




So charges add and charges cancel. For this reason, we can use positive and negative
numbers to represent charge but we have to decide which will be positive and which
negative. Let us say the balloon is negative and the sweater is positive.

Charge transfer by contact

Have you ever experienced an electric shock?

As with friction and charge induction, contact is another mechanism through which
charge can be transferred, sometimes with painful consequences. For a noticeable

shock to occur, one of the two bodies must have a considerable net positive or negative

charge already built up, with an insulator preventing this charge from flowing out into
neighboring bodies.

The touch of the insulated body and the conducting body means that electrons will
flow from one to the other to reduce the difference in their two charges. Humans have
quite high conductivity (considerably more than air).

To prevent this transfer of charge from causing serious harm (for example, in the
presence of flammable materials), both bodies can be grounded, which means they are
connected electrically to the Earth. The Earth’s size and abundance of charge means
that both bodies are brought to potentials of 0 V (more on this later), which in turn
ensures that no electrons flow between them, preventing the formation of sparks. The
electrical symbol for the ground is shown in Figure 5.

Charge, Q

The property of matter that causes the electrical force is charge. All bodies are positive,
negative or neutral (zero charge). Bodies with the same charge repel each other and
oppositely charged bodies attract. Charge cannot be created or destroyed so charges
add or subtract.

Charge is a scalar quantity.
The unit of charge is the coulomb (C).

Fundamental charge, e

Matter is made of atoms so it makes sense to suppose that the atoms are also charged. All
atoms are made of three particles: protons, which have positive charge, electrons,
which are negative, and the neutrons, which are neutral. Each atom is made of a positive
heavy nucleus consisting of protons and neutrons, surrounded by much lighter negative
electrons as in Figure 6. The proton and the electron have the same amount of charge
(1.60 x 107'? C) but the opposite sign. This is the smallest amount of charge that exists in
ordinary matter and is therefore called the fundamental charge, c.

1

D.2 Figure 5 The electrical
symbol for Earth (0 V).

Charge is quantized.
Which other physical
quantities are

quantized? (NOS)
e
8 .
A
D.2 Figure 6 A simple

model of an atom (not to
scale).

< D.2Figure 7 The charges
on the balloon and sweater.
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Millikan and Fletcher
used X-rays to ionize
the oil drops. Some
modern-day lab
experiments use
friction.

D.2 Figure 8 Millikans oil-

drop apparatus.

When you drive around
inacarona dry day,
the friction between
the tires and the road
causes the body of the

car to become charged.

The electric field inside
the car is zero so you
will not feel anything as

long as you stay inside.

When you get out of
the car, there will be
a potential difference
between you and the
car, resulting in a small
discharge, which can
be unpleasant. One
way to avoid this is
to ask a passer-by to
touch the car before
YOUu get out.
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Electrons, being lighter and on the outside of the atom, are easy to move around and
provide the answer to what was going on in the balloon experiment. At the start,

the balloon and sweater had equal numbers of positive and negative charges so were
both neutral. When the balloon is rubbed on the sweater, electrons (negative charges)
are rubbed from the sweater onto the balloon so the balloon becomes negative and
the sweater positive as shown in Figure 7. We say that charge is conserved; it can be
transferred but not created or destroyed.

Millikan’s oil drop experiment

Our knowledge of the fundamental charge comes from an experiment conducted
over one hundred years ago in Chicago. Millikan and Fletcher sprayed a fine mist of
oil drops into a chamber, where they were ionized (adding or removing electrons) by
X-rays as they passed through the nozzle.

oil spray

AN
[ X

| ___cover

several microscope

i J RN Cﬁ@

uniform electric field

The charged oil drops were released into a region of uniform electric field. When no
potential difference was applied across the plates, the oil would fall under gravity
and reach terminal velocity when drag was the same as the gravitational force. When
an upward electric force was applied, some drops (depending on their mass) would
become stationary or rise upward with a new terminal velocity. The balance of forces
enabled the charge on individual oil drops to be determined.

Although no single oil drop had the fundamental charge exactly, all charges found
through this method shared a common factor: 1.60 x 107'? C. This quantity of charge
remains the smallest that has been found by any experimental procedure.

Electric field

A region of space where an electric force is experienced is called an electric field. The
region around the sphere of charge in Figure 9 is an electric field since a small positive
charge placed in that region experiences a force.

A

D.2 Figure 9 A small positive test charge near a positive sphere.



Field strength, E

The size of the field at a given point is given by the electric field strength. This is defined
as the force per unit charge experienced by a small positive test charge placed at that
point. So if we consider a point some distance from a sphere of positive charge as shown
in Figure 9, the field strength E would be £ Since force is a vector, field strength will also
be a vector with the same direction as the force. The unit of field strength is N C"..

If the field strength at a point is E, a charge +q placed at that point will experience a
force Eq in the direction of the field. A charge —q will experience the same size force but
in the opposite direction.

Q1. Calculate the force experienced by a charge of +5 x 107 C placed at a point
where the field strength is 40N C™\.

Q2. Achargeof-1.5x 107°C experiences a force of 3 x 10N toward the north.
Calculate the magnitude and direction of the field strength at that point.

Q3. Anelectron has an instantaneous acceleration of 100 ms= due to an electric
field. Calculate the field strength of the field.
electron charge = -1.60 x 10717 C
electron mass = 9.1 x 103" kg

Field lines

Field lines are drawn to show the direction and magnitude of the field. So for a point
positive charge, the field lines would be radial, showing that the force is always away
from the charge as in Figure 10. The fact that the force gets stronger as the distance
from the charge decreases can be seen from the density of the lines.

spaced lines —
weak field

-

>
~_——_ closelines—

strong field
A A
D.2 Figure 10 Field lines for D.2 Figure 11 Field lines for
a positive paint charge. a negative point charge.

The field around a hollow sphere of charge is the same as it would be if all the charge
was placed at the center of the sphere (Figure 12). This is similar to the gravitational
field around a spherical mass. A point charge placed inside the sphere will experience
forces in all directions due to each of the charges on the surface. The resultant of these
forces is zero no matter where the point charge is placed. The electric field inside a
charged sphere is therefore zero.

A
D.2 Figure 12 A hollow
sphere.
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D.2 Figure 13 A uniform
field. Note that the field is
not uniform at the edges.

The constant
k=899 x 10°Nm2C?
This can also be
expressed in terms of
the permittivity of a
vacuum, &:

1
k= Arey
£,=885x 10712C2N""m2
The permittivity is
different for different
media but we will
usually be concerned
with fields in a
vacuum.

The relative
permittivity, £, of a
material is the ratio
of its permittivity to
the permittivity of a
vacuum.
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The field between positively and negatively charged parallel plates is uniform. As
can be seen in Figure 13, the lines are parallel and equally spaced, meaning that the
force experienced by a small test charge placed between the plates will have the same
magnitude and direction wherever it is placed.

TR
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Coulomb’s law

In a gravitational field, the force between masses is given by Newton's law, and the
equivalent for an electric field is Coulomb’s law.

The force experienced by two point charges is directly proportional to the product of their charge and
inversely proportional to the square of their separation.

The force experienced by two point charges Q, and Q, separated by a distance rin a
vacuum is given by the formula:

The constant of proportionality, k= 8.99 x 10° Nm?C2

Note: Coulomb’s law also applies to spheres of charge; the separation being the
distance between the centers of the spheres.

This means that we can now calculate the field strength at a distance from a sphere of charge.

Worked example

A 5uC point charge is placed 20cm from a 10 uC point charge.
(a) Calculate the force experienced by the 5 uC charge.

(b) What s the force on the 10 uC charge?

(c) Whatis the field strength 20 cm from the 10 uC charge?

Solution

(@) Using the equation: F=k %

Q,=5%10°C,Q,=10x 10°Cand r=0.20m
8.99%10°x 5 x 106 x 10 x 10

= 0,207
=11.3N
(b)  According to Newton’s third law, the force on the 10 uC charge is the same as
on the 5uC.
(c) force per unit charge = %

E=226x10°NC!



Challenge yourself
1. Two small conducting spheres, each of mass 10mg, are attached to two 50cm long
pieces of thread connected to the same point, This causes them to hang next to each

other. A charge of 11 x 107" C is shared evenly between the spheres, causing them to
repel each other. Show that when they stabilize, the spheres will be 3cm apart.

Q4. If the charge on a 10cm radius metal sphere is 2nC, calculate:
(@) the field strength on the surface of the sphere
(b) the field strength 10cm from the surface of the sphere

(c) the force experienced by a 0.1 nC charge placed 10cm from the surface of
the sphere.

(d) Calculate the force if the space between the small sphere and the surface
of the big sphere were filled with concrete of relative permittivity 4.5.
Q5. A small sphere of mass 0.01 kg and charge 0.2 nC is placed at a point in an
electric field where the field strength is 0.5NC-'.
(a) What force will the small sphere experience?
(b) If no other forces act, what is the acceleration of the sphere?

Potential in a uniform field

As we have already seen, a uniform field can be produced between two parallel plates
as shown in Figure 14.

| + + + + sB+ + + + + |
T F
i vy v v ¥OVY W ¥ ¥ w
l i
==& =~ — ]

Because this is a uniform field, the force is constant and equal to Eg, so the work done

in moving a charge from A to B is force * distance moved in dircctim; of force = Eqd.
. ‘ . E

The potential difference is the work done per unit charge so: V5 = % =Fd

This result could also be reached by using the fact that E is the potential gradient:

.
T d

What are the relative
strengths of the four
fundamental forces?
(D.]1,E3.E4)

<« D.2Figure 14 Uniform
electric field (shown without
edge effects).

The electronvolt (eV)
is a unit of energy
used in atomic
physics. 1eV = energy
gained by an electron
accelerated through
a potential difference
of TV.
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Refer to the figure below for these questions.

|+ + + + + + + + +

6V A
5V
4V
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2V
1V -
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A 4 A 4 Y L 4 Y Y Y Y

Q6. What is the potential difference between A and C?

Q7. What is the potential difference between B and D?

Q8. Ifacharge of +3 C was placed at B, how much potential energy would it have?
Q9. Ifacharge of +2 C was moved from C to B, how much work would be done?
Q10. If a charge of =2 C moved from A to B, how much work would be done?

Q11. If a charge of +3 C was placed at B and released:
(a) what would happen to it?
(b) how much kinetic energy would it gain when it reached A?

Q12. If an electron was released at A and accelerated to B, how much kinetic
energy would it gain in eV?

Q13. If an electron was taken from C to D, how much work would be done in eV?

Earthing

Rather like we did in gravitational fields we can take the Earth to represent zero
potential. We take the Earth as having a potential of 0V because all the bodies we will
consider are close to the Earth, and therefore any change in the potential of the Earth
changes the potential of all nearby bodies equally.

If a charged body is grounded (earthed), current will flow until the potential of the
body is zero.

] . 10V oV 9V ov

D.2 Figure 15 Beforeand P> | |
after a charged baody is = | I
earthed. =

1

b

A
ov D.2 Figure 16 The Earth

symbiol within a circuit diagram.

Adding an ‘Earth’ symbol to a point in a circuit diagram indicates that it is at
zero potential.
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Charging by induction

The potential of a Body A not only depends on the charge of a body but also on
charges nearby.

+ * o+ + * 4
+ + + + -~ -0V
iy ) @ ¢ F @1
+ + + + - =
- — 0V
+o7 + + 1+ E
D.2 Figure 17 B is uncharged but D.2 Figure 18 B gains negative
experiences a positive potential due to A. charges from the Earth.

If Body B is connected to Earth, a current will flow until B is at zero potential.

B now has a negative charge. No charge was exchanged between A and B. This is called
electrostatic induction.

Conductors and current

A conductor contains free charge carriers. In metals, these are electrons: negatively '
charged particles that are able to move around.

When electrons are added to a conducting sphere, they spread over the surface.

If this body is connected to an uncharged body, electrons flow from one to the other.
This happens because the bodies are at different potentials. Electrons (being negative)
flow from low to high potential.

D.2 Figure 19 Electrons repel D.2 Figure 20 A and B combine to form one
one anather until they are as overall conductor with a net movement of
spread as possible. electrons from A to B.

We know from B.5 that this is analogous to the electrons flowing uphill. Instead, let us |
ponder the equivalent transition in terms of conventional current.

D.2 Figure 21 An equivalent model D.2 Figure 22 There is no current flow
involving high to low potential would be net when there is no potential difference.

movement of positive charges from B to A.

A current flows until there is no potential difference across the conductor as a whole.
Models do not have to

Note that A has more charge than B but the same potential. be true.
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Mot all magnets are
human-made; some rocks
(for example, this piece of
magnetite) are naturally
magnetic.

D.2 Figure 23 The small
magnet is caused to turn, so
must be in a magnetic field.
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Electric and magnetic fields

Nature of Science

The first recorded observation of the magnetic effect was 2500 years ago in the
ancient city of Magnesia (Manisa) in what is now western Turkey. Experiments
showed that one end of a magnet always pointed toward the North Pole so a
theory was developed related to the attraction of opposite poles. This theory
gave correct predictions, enabling magnets to be used in navigation, even
though it was not entirely correct. The connection between magnetism and
electricity was not made until a chance observation by Hans Christian Oersted
in 1819.

Magnetic fields

Itis not obvious that there is a connection between the magnetic force and the electric
force. However, we will discover that they are the same thing. First, let us investigate
the nature of magnetism.

Magnets are not all human-made; some stones are magnetic. If we place a small
magnetic stone next to a big one, it experiences forces that make it rotate. We can
define a magnetic field as a region of space where a small magnet would experience a
turning force. Magnets are dipoles so one end attracts and the other repels.

If one of these small magnets is placed close to the Earth, we will find that it rotates so
that one end always points north. Because of this, we call that end the north-seeking
pole. The other end is called the south-seeking pole. The direction of the field is
defined as the direction that a north-seeking pole points.

Magnetic field lines

In practice, a small compass can be used as our test magnet. Magnetic field lines are
drawn to show the direction that the north (N) pole of a small compass would point if
placed in the field.

If we join the directions pointed by the compass, we get the field lines shown. These
not only show the direction of the field but their density shows us where the field is
strongest. We call the density of lines the flux density.
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D.2 Figure 24 I the whole field were
covered in small magnets, then they would
show the direction of the field lines.



Notice that since unlike poles attract, the north-seeking pole of the small compass
points to the south magnetic pole of the big magnet. So, if we treat the Earth like a big
magnet, the north-seeking end of the compass points north because there is a south

W

mag netic pOIE there.

N geographical pole
§ magnetic pole

S geographical pole

N magnetic polé

-

)
\\&

A uniform field can be created between two flat magnets as in Figure 26. As with
uniform gravitational and electric fields, the field lines are parallel and uniformly
spaced, apart from at the ends of the magnets.

5
N

7]

Field caused by currents

If a small compass is placed close to
a straight wire carrying an electric
current, then it experiences a turning
force that makes it always point
around the wire. The region around
the wire is therefore a magnetic field.
This leads us to believe that magnetic
fields are caused by moving charges.

We can work out the direction of the
field by pretending to grip the wire
with our right hand. If the thumb
points in the direction of the current,
then the fingers will curl in the
direction of the field.

D.2 Figure 27 The field due o a long >
straight wire carrying a current is in the

form of concentric circles. Notice that

the field is strongest close to the wire.

fingers curl in
direction of field

I current
_) field

thumb in direction
of current

N

< D.2Figure 25 The Earths
magnetic field.

< D.2Figure 26 Uniform
magnetic field.

How are electric fields
and magnetic fields like
gravitational fields? (D.1)

When charged particles
ejected from the

Sun meet the Earth’s
magnetic field, they are
made to follow a helical
path. As these particles
move toward the poles,
the field becomes
stronger so the helix
becomes tighter until
the particles turn back
on themselves and head
for the other pole. If the
particles have enough
energy, they sometimes
get close enough to

the Earth to reach the
upper atmosphere.

If this happens, light

is emitied as the
particles ionize the air,
forming the northern/
southern lights.
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Since the letter B is
used to denote flux
density, the magnetic
field is often called a
B field.

How can moving
charges in magnetic &

fields help probe the
fundamental nature of
matter? (B.1, C3)

D.2 Figure 28 The direction
of the field can be found by
applying the right-hand grip
rule to the wire. The circles
formed by each bit of the loop
add together in the middle to
give a stronger field.

D.2 Figure 29 The direction
of the field in a solenoid can
be found using the grip rule
on one coil.
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Electric and magnetic fields

Magnetic flux density, B

From what we know about fields, the strength of a field is related to the density of field
lines. This tells us that the magnetic field is strongest close to the poles. The magnetic
flux density is the quantity that is used to measure how strong the field is. However it is
not quite the same as field strength as used in gravitational and electric fields.

The field inside a coil

When a current-carrying wire is made into a circular loop, the field inside is due to the
addition of all the field components around the loop, making the field at the center
greater (Figure 28). Adding more loops to form a coil will increase the field.

06

The field inside a solenoid

A solenoid is a special type of coil where the loops are wound next to each other along
a cylinder to form a helix as shown in Figure 29.

. current out
carTentintg of the solenoid

the solenoid T

fingers curl in the
direction of the field

The magnetic field caused by each loop of the solenoid adds to give a field pattern
similar to a bar magnet, as shown in Figure 30.



urrent, out

Guiding Questions revisited

Which experiments provided evidence to determine the nature of the electron?

How can the properties of fields be understood using an algebraic approach and
a visual representation?

What are the consequences of interactions between electric and magnetic fields?

In this chapter, we have examined electric fields (in a similar way to gravitational fields)
as well as magnetic fields, to find out how:

The combination of ionization of oil droplets and an understanding of
gravitational fields enabled Millikan to recognize that all charges measured
shared a common factor, which we now know to be the magnitude of the charge
on an electron or proton.

Charge can be transferred from one body to another and is conserved in the
process.

Electric forces are attractive for unlike charges and repulsive for like charges.
Magnetic forces are attractive for opposite poles and repulsive for like poles.
Electric field lines represent the direction of force that would act on a small
positive test charge placed in the field. Magnetic field lines represent the
direction of force that would act on a test north pole.

Coulomb’s law states that the force between two charges is proportional to the
product of the charges and inversely proportional to the square of the distance
between them.

Electric field strength is the force acting per unit charge.

Just as we can approximate the region close to the surface of the Earth as having
a uniform gravitational field, we can approximate the space between two
parallel plates (with a potential difference between them) as having a uniform
electric field.

When electric and magnetic fields interact, forces are exerted. These can be used
for electromagnetic applications.

<« D.2Figure 30 The field

inside a solenoid.
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Electric and magnetic fields

Practice questions

1.

296

A positive point charge is placed above a metal plate at zero electric potential.
Which diagram shows the pattern of electric field lines between the charge
and the plate?

A M
P N

(Total 1 mark)

The force acting between two point charges is F when the separation of the
charges is x. What is the force between the charges when the separation is
increased to 3x?

F F F
A 3 B 3¢ C g D 3=

(Total 1 mark)

Two charges Q, and Q,, each equal to 2nC, are separated by a distance 3m
in a vacuum. What is the electric force on Q, and the electric field due to Q,

at the position of Q,?
Electric force on Q, Electric field due to @, at the
position of @,
A 4x10°N 2NCT
B 4N 2NC
C 4x107°N 2x10°NCT
D 4N 2x109NCT

(Total 1 mark)

What is the unit of electrical potential difference expressed in fundamental

Sl units?
A kgms!C! € kgm’s? At
B kgm?s2C! D kgm?s!'A (Total 1 mark)

In an experiment, oil droplets of mass m and charge g are dropped into the
region between two horizontal parallel plates. The electric field E between the
plates can be adjusted. Air resistance is negligible. Which is correct when the
droplets fall vertically at constant velocity?

= RS =auE e
A E=0 B E<— C E=3 D E>7

(Total 1 mark)



6. Magnetic field lines are an example of what?
A A discovery that helps us understand magnetism
B A model to aid in visualization
C A pattern in data from experiments
D A theory to explain concepts in magnetism
(Total 1 mark)

7. Anelectron is placed at a distance of 0.40 m from a fixed point charge of
-6.0mC.

=6.0 mC electron

& e e
| |

(a) Show that the electric field strength due to the point charge at the

position of the electron is 3.4 x 108N C™.. (2)

(b) Calculate the magnitude of the initial acceleration of the electron. (2)
(c) Describe the subsequent motion of the electron. (3)
(Total 7 marks)

8. Anionization chamber is a device that can be used to detect charged particles.

sensitive
ammeter
(n)
ionization chamber p
window
@ —
charged Vv
particle e

Vs
parallel metal plates

The charged particles enter the chamber through a thin window. They then
ionize the air between the parallel metal plates. A high potential difference
across the plates creates an electric field that causes the ions to move toward
the plates. Charge flows around the circuit and a current is detected by the
sensitive ammeter.

(@) Copy the diagram and draw the shape of the electric field between the
plates. (2)

The separation of the plates d is 12 mm and the potential difference V between
the plates is 5.2 kV. An ionized air molecule M with charge +2e is produced
when a charged particle collides with an air molecule.

(b) Calculate the electric field strength between the plates. (1)
(Total 3 marks)
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9,

10.

11.
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Electric and magnetic fields

(a) If something gets a positive electric charge, then what happens to
something else? (1)

A It becomes equally positively charged.
B It becomes equally negatively charged.

C It becomes negatively charged, but not necessarily equally negatively
charged.

D It becomes magnetized.
(b) Explain your answer. (1)
(Total 2 marks)

(a) Abird is sitting on a bare high-voltage line. Will the bird get a shock? (1)
A Yes B No
(b) Explain your answer. (1)

(Total 2 marks)

Millikan's oil drop experiment was the first experiment to determine the

size of the elementary charge. Charged oil droplets are sprayed into an air-
filled chamber and observed through a microscope inserted in the side of the
chamber. The droplets fall under gravity with a terminal velocity. A uniform
electric field between the top and bottom plates can be used to hold the
charged oil drops in a fixed vertical position in the electric field. The potential
between the plates is measured. The polarity can be changed in order to pull
the droplets back up against gravity. The drag force on the droplets due to air
resistance is known as viscous drag. The charge on an oil droplet may change
due to random ionization.

The viscous drag force on a small spherical droplet is given by F = 6zmau,

where a is the radius of the droplet, « is the terminal velocity of the droplet,

nis the viscosity of the air (7 = 1.82 x 10" kg m™' s7!). In two successive

measurements of an oil droplet, the rise times are 42 s and 78 s. The distance

traveled upward at constant velocity is 1.00 cm, the potential difference across

the plates is 5000 V and the plate separation is 1.50 cm. The radius of the

dropletisa =276 x 10 °m.

(a) Calculate the change in the number of electrons in the droplet between the
two measurements. (8)

(b) Two droplets with the same density, radii , and r,, identical charges O,
and terminal velocities u, and u, join together. How is the final terminal
velocity v of the droplet related to the initial velocities? (5)

(Total 13 marks)
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<« The particle accelerator equipment pictured is located at SESAME (Synchrotron-light for Experimental
Science and Applications in the Middle East), which opened in 2017. The facility was the first in the
world to be powered entirely by renewable energy. A combination of electric and magnetic fields is

used 1o accelerate the electrons within.
Guiding Questions

How do charged particles move in magnetic fields?

What can be deduced about the nature of a charged particle from observations
of it moving in electric and magnetic fields?

If you connect a battery between a hot wire and a metal plate such that the plateis at a
higher potential than the wire, current will flow in the circuit. Somehow, charge is able
to cross the gap. This is the basis for an electron gun.

If you make a hole in the plate, a faint blue line can be seen coming out of the hole. If
the blue line is passed through a uniform electric field, it is deflected into a parabola.
This is very similar to the path of a projectile thrown in a uniform magnetic field. If we
assume that the blue line is made of particles with a charge of 1.60 x 107'* C, we can
model the situation using the same equation we used for projectile motion (A.1).

Being able to see how an equation in one area of the subject can be used in a different
area is a useful skill and is one reason why good physics students are snapped up by
employers!

Students should understand:

the motion of a charged particle in a uniform electric field

the motion of a charged particle in a uniform magnetic field

the motion of a charged particle in perpendicularly orientated uniform electric and
magnetic fields

the magnitude and direction of the force on a charge moving in a magnetic field as
given by F = gvBsind

the magnitude and direction of the force on a current-carrying conductor in a
magnetic field as given by F = BILsind

Il
the force per unit length between parallel wires as given by% =y, 5 where ris the
separation between the two wires.
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Force on a current-carrying conductor

We have seen that when a small magnet is placed in a magnetic field, each end
experiences a force that causes it to turn. If a straight wire is placed in a magnetic field
but not parallel to the field, it also experiences a force. However, in the case of a wire,
the direction of the force does not cause rotation — the force is in fact perpendicular to
the direction of both current and field (Figure 1).

The size of the force depends on the size of current, length of conductor and
flux density. We can therefore write that F & BIL. We can now define the unit of flux
density in terms of this force to make the constant of proportionality equal to 1.

X X X . e e
X X X N ¢
x x L] L]

The tesla (T)

A flux density of 1 tesla would cause a 1 m long wire carrying a current of 1 A
perpendicular to the field to experience a force of 1 N. So if B is measured in T,
F=BIL.

force

wrrcnt

Parallel current-carrying conductors

Due to the difficulty in measuring the amount of charge flowing in a given time, the
ampere was not defined in terms of charge until 2019. Before this, the ampere was
defined in terms of the force between two parallel conductors.

We know that a current-carrying conductor has an associated magnetic field and that
this field exerts a force on permanent magnets. What happens when two current-
carrying conductors are placed side by side?

force 4

L 4

\ field

% -

current

D.3 Figure 1 Force, field
and current are at right
angles to each other.

<« D.3Figure2 The field into
| the page can be represented
by crosses, and the field out
of the page by dots. Think
what it would be like looking
at an arrow from each end.

4 D.3 Figure 3 Using
Fleming's left-hand rule to
find the direction of the
force.

What causes circular
mation of charged
particles in a field? (A.2)

301



FIELDS D.3 Motion in electromagnetic fields

Consider the two wires shown in Figure 4. Each wire carries a current so is creating a
magnetic field around it. The wires are next to each other so each wire is in the field of
the other. The magnetic field lines produced by wire X are concentric circles that cut
wire Y at right angles, as can be seen in the end view. Using Fleming’s left-hand rule, we
can determine that the direction of force is directed toward X. Likewise, we can show
that the force on X is directed toward Y.

Parallel wires

The force F acting per unit length is calculated using Ampére’s force law, with the

= = equation for the special case of two straight parallel wires being:

g_ 5%

L~ Ho2ar
where L is the total parallel length, 4 is the magnetic permeability of a vacuum

! T I T (47 x 107 T m A™'), /,and Lare the currents in the two conductors, and r is the distance
by which they are separated.

One ampere is the current that would cause a force of 2 x 107 N per meter between
two long parallel conductors separated by 1 m in a vacuum.

; (5 —
D.3 Figure 4 Two long . . . .
Wirss. Q1. A straight wire of length 0.5m carries a current of 2 A in a north-south

direction. If the wire is placed in a magnetic field of 20T directed vertically
downward:

=

(a) what is the size of the force on the wire?
(b) what is the direction of the force on the wire?

Q2. A vertical wire of length 1m carries a current of 0.5 A upward. If the wire is
placed in a magnetic field of strength 10uT directed toward the N geographic
pole:

(a) what is the size of the force on the wire?

(b) what is the direction of the force on the wire?

Q3. Use Fleming’s left-hand rule to find the direction of the force in the following
examples below.

(a) by x XxXAx X € o o @
> 1
B 2K 0| | [EEEREA e @& e e
O C &— 1
et
¥ X||x X e eole o
o
o
X X Lx X e o o @
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Non-perpendicular fields

If the wire is not perpendicular to the field, then to calculate the magnitude of the force,
you need to use the component of field that is perpendicular to the wire.

So in the example shown in Figure 5, the component of B perpendicular to the wire = B
sin O so the force, F= B sin 0 x IL = BIL sin 6.

The direction of the force can be found by using Fleming’s left-hand rule, lining the
First finger with the perpendicular component of the Field. In the case shown here,
that would result in a force into the page.

Charges in magnetic fields

X X & LXK X x

v

I*) qH )area,/\
F

X X X X b4 X B

From the microscopic model of electrical current in a metal wire, we believe that current

is made up of charged particles (electrons) moving through the metal. Each electron
experiences a force as it travels through the magnetic field. The sum of all these forces

gives the total force on the wire: F = BIL = BnAveL where n is the number of electrons per

unit volume, A is the cross-sectional area, v is the net speed (sometimes referred to as drift
velocity) of the electrons and L is the length of conductor. In turn, F= BNev, where N is the
number of electrons in this length of wire, so the force on each electron is Bev. If a free charge
moves through a magnetic field, then it will also experience a force. The direction of the
force is always perpendicular to the direction of motion, and this results in a circular path.

The force on each charge q is given by the formula:
F = Bgv.

The electron gun

In the chapter introduction, we learned about an electron ‘gun’. The electron gun shown
in Figure 8 is used to produce a stream of electrons that can be projected into a region of
electric or magnetic field. The gun is housed in a glass tube, which has had most of the
air removed by use of a vacuum pump. The electrons move freely in this low-pressure
gas, but collisions with the remaining molecules excite atomic electrons, resulting in the
emission of light. This causes a blue glow revealing the path of the electron beam.

D.3 Figure 5
Non-perpendicular field.

D.3 Figure 6 The force

experienced by each electron
is in the downward direction.
Remember the electrons flow

in the opposite direction to
conventional current.

D.3 Figure 7 \Wherever you
apply Fleming’s left-hand
rule, the force is always
toward the center.

How can the orbital
& radius of a charged

particle moving in
a field be used to
determine the nature of
the particle? (A.2)

<« D.3Figure8 Anelectron

gun.
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D.3 Figure 9 Elect
accelerated in the

How can conservation
of energy be applied
to motion in
electromagnetic fields?
(A3)

D.3 Figure 10 The patl

tive and negative
nto a uniform

electric field.

How are the concepts
of energy, forces and
fields used to determine
the size of an atom?

ons are

>

Motion in electromagnetic fields

The elections are released from a thin wire heated by an electric current. They enter

an electric field created by applying a potential difference between the hot wire and a
metal plate. They are accelerated by an electric field toward the positive anode and pass
through a hole in the anode plate.

accelerating
potential

hot filament e

I

no field here

electron
accelerated in
electric field

anode

I}--|

accelerating supply

As the electron moves within the electric field, its electric potential energy is
transferred to kinetic energy:

9 [
eV—znn

Once through the hole in the plate, where there is no field, the electrons continue in a
straight line with constant velocity.

Motion of electrons in a uniform electric field

If a charge Q is projected perpendicular to a uniform electric field, it will have constant
velocity perpendicular to the field lines but acceleration parallel to the field lines. This
is just like the motion of a projectile in a uniform gravitational field and results ina
parabolic trajectory. We can use the same equations to model the motion, except that

. EQ .,
acceleration is equal to —; instead of g.

The charged particles traveling around the huge circular rings of the particle
accelerator at CERN are kept in a circular path using a magnetic field. These particles
move so fast and have such a large mass that the field has to be very strong.

(A3 A2)
Spiral particle tracks made
visible in a cloud chamber.
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Motion of electrons in a uniform magnetic field

If electrons are passed into a uniform magnetic field with a velocity that is not parallel
to the field lines, they will experience a force perpendicular to their direction of motion
(and which remains perpendicular even when the direction of the electrons changes).
This results in a circular trajectory.

A uniform magnetic field can be created between two large diameter coils
(Helmholtz coils).

We have seen how the force on each electron in a current-carrying wire is F = Bev.
This force, known as the magnetic or Lorentz force, is the sole provider of the
centripetal force. We can therefore write:

D.3 Figure 11 Uniform
magnetic field between

Bop= @ Helmholtz coils.
and simplify:
my

Be=—F l

D.3 Figure 12 Path of
electron with magnetic field

into the page.
To enable the electrons to travel in a full circle, we can aim the electron gun >
perpendicular to the field in the spherical tube. V/ S
. 5 g : , e /\9 B
We know that if the accelerating potential difference is V, then the velocity, v = {5~ e/ >
By measuring the radius and calculating the magnetic field strength from the -
dimensions of the coil and current, we can find a value for 5. The electron tube >
contains a low-pressure gas, which allows the electrons to maintain a constant speed. A
If they were to travel in a denser gas, they would move in a spiral. D.3 Figure 13 A positive
particle moving in a
Non-perpendicular fields lr_wi:-lﬂj--perpeaniCJIar magnetic
If a charged particle moves through a magnetic field at an angle, then you can calculate s
the magnetic force experienced by it using the component of velocity perpendicular '
to the magnetic field. In the example shown in Figure 13, this would be B sin 6, which ' How are the properties
results in a force, F = Bq sin 6. & of electric and magnetic

fields represented?
Using Fleming’s left-hand rule, this will give a force into the page (note that the charge (NOS)

is positive so it moves in the direction of the current).

So considering the two components of the motion, perpendicular to the field, the
particle will travel in a circle, while parallel to the field, the velocity is uniform. The
resulting motion is helical as shown in Figure 14,

> <« D.3Figure 14 Helical
‘/4 - S path of a charge in a
/\\ 0 2 ¥l 2\ non-perpendicular magnetic
/ b f \ ' \ N :

- - : _— \“, field.

f "'. f .". f yo \ v
qe | 1 { \ Vi \ \B

| 1 I Il I
\ ' | ] \ \ /
\ ;o\ \ \ / ~
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D.3 Figure 15 Arrangement »
of J. J. Thomson's experiment

to determine the specific

charge of an electron,

306

Motion in electromagnetic fields

Electrons in perpendicularly orientated electric and magnetic
fields

An electron moving at a constant speed in perpendicularly orientated electric and
magnetic fields can be made to remain at a constant speed. We know from Newton's
laws that forces must be balanced in this case.

If the magnetic field is (say) into the page and the electron moves from left to right, the
force exerted will be vertically downward. An electric field orientated vertically can be
used to supply an equal and opposite upward force.

Since, in this case, Fy = Fg: Bev = Ee

Bv=E
E

v=§

In other words, the speed of the electron can be determined from the ratio of the field
strengths.

Knowing this speed, with the magnetic field then switched off, the specific charge
(charge per unit mass) of the electron can be determined. You might like to research
J.J- Thomson's experiment to find out more.

Battery HH .

High
voltage
battery

(Electron charge, e = 1.60 x 1077 C)

Q4. Calculate the force experienced by an electron traveling through a magnetic
field of flux density 5mT with velocity 500ms™.

Q5. Anelectron is accelerated through a potential difference of 500V then passed
into a region of magnetic field perpendicular to its motion, causing it to travel
in a circular path of radius 10 cm. Calculate:

(a) the kinetic energy of the electron in joules

(b) the velocity of the electron

(c) the flux density of the magnetic field.

experienced by the proton.

Q6. A proton (same charge as an electron but >
positive) passes into a region of magnetic field i <

of flux density 5mT as shown to the right A;o” B g

L —~

with a velocity of 100 ms™. Calculate the force e/ &

q N

-

e

=




Guiding Questions revisited

How do charged particles move in magnetic fields?

What can be deduced about the nature of a charged particle from observations
of it moving in electric and magnetic fields?

In this chapter, we have explored forces and motion due to different combinations of
current-carrying conductors, charged particles and electric and magnetic fields to
consider how:

* When a charged particle enters a uniform electric field, the force acts in the
direction of the field, resulting in parabolic motion.

* When a charged particle enters a uniform magnetic field, the force acts
perpendicular to the particle’s velocity and the field, resulting in circular
motion.

* The force acting on a charged particle in a magnetic field increases with field
strength, charge and speed. It is maximized when the velocity is perpendicular
to the field.

* The force acting on a current-carrying conductor in a magnetic field increases
with field strength, current and conductor length. It is maximized when the
orientation of the conductor is perpendicular to the field.

* Two separate current-carrying conductors exert forces on each other, with
the force being proportional to the product of the currents and inversely
proportional to the separation distance of the conductors.

* Charged particles in electric fields act like particles with mass act in
gravitational fields. Magnetic forces can result in circular motion for charged
particles moving at right angles to the field, just as particles with mass can orbit
other massive bodies with a velocity that is perpendicular to the field lines.

Practice questions

1. An electron enters the region between two charged parallel plates, initially
moving parallel to the plates. What can be stated about the electromagnetic
force acting on the electron?

electron (----- = charged plates

It causes the electron to decrease its horizontal speed.
It causes the electron to increase its horizontal speed.

It is parallel to the field lines and in the opposite direction to them.

T N = >

It is perpendicular to the field direction.

(Total 1 mark)
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2. A proton of velocity v enters a region of electric and magnetic fields. The proton
is not deflected. An electron and an alpha particle (helium nucleus comprising
two protons and two neutrons) enter the same region with velocity v. Which is
correct about the paths of the electron and the alpha particle?

Path of electron Path of alpha particle

A deflected deflected
B deflected not deflected
C not deflected deflected
D not deflected not deflected

(Total 1 mark)

3. Abeam of electrons moves between the poles of a magnet. What is the
direction in which the electrons will be deflected?

beam of electrons

A Downward C Toward the S pole of the magnet

B Toward the N pole of the magnet D Upward
(Total 1 mark)

4. Aliquid that contains negative charge carriers is flowing through a square pipe
with sides A, B, C and D. A magnetic field acts in the direction shown across
the pipe. On which side of the pipe does negative charge accumulate?

direction of A

flow of liquid

(Total 1 mark)

5. Thediagram shows two current-carrying wires, Pand Q, that both lie in the plane
of the paper. The arrows show the conventional current direction in the wires.

P
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The electromagnetic force on Q is in the same plane as that of the wires.
What is the direction of the electromagnetic force acting on Q?

A

4
-

€ (Total 1 mark)

A positively charged particle moves parallel to a wire that carries a current
upward. What is the direction of the magnetic force on the particle?

b
current

A Totheleft B Totheright C Intothepage D Outofthe page
(Total 1 mark)

Two currents of 3 A and 1 A are established in the same direction through
two parallel straight wires, R and S. What is correct about the magnetic forces
acting on each wire?

3A 1A

R S

Both wires exert equal magnitude attractive forces on each other.
Both wires exert equal magnitude repulsive forces on each other.

Wire R exerts a larger magnitude attractive force on wire S.

S N = >

Wire R exerts a larger magnitude repulsive force on wire S.
(Total 1 mark)

A non-uniform electric field, with field lines as shown, exists in a region where
there is no gravitational field. X is a point in the electric field. The field lines and
X lie in the plane of the paper.
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(a) Outline what is meant by electric field strength. (2)
(b) An electron is placed at X and released from rest. Copy the diagram and

draw the direction of the force acting on the electron due to the field. (1)

(c) The electron is replaced by a proton that is also released from rest at X.
Compare, without calculation, the motion of the electron with the motion
of the proton after release. You may assume that no frictional forces act
on the electron or the proton. (4)

(Total 7 marks)
9. A proton is moving in a region of uniform magnetic field. The magnetic field is

directed into the plane of the paper. The arrow shows the velocity of the proton
at one instant and the dotted circle gives the path followed by the proton.

® ® ® ® ® ®

______

® @ © @8\ e e
{ proton
1 i

® ® ©® ©®©/, ® ®

® ® ® ® ® ®

(a) Explain why the path of the proton is a circle. (2)

The speed of the proton is 2.0 x 10 m s~ and the magnetic field strength Bis 0.35T.

(b) Show that the radius of the path is about 6 cm. (2)
(c) Calculate the time for one complete revolution. (2)
(d) Explain why the kinetic energy of the proton is constant. (2)

(Total 8 marks)

10. An electron moves in circular motion in a uniform magnetic field. The
velocity of the electron at point P is 6.8 x 10° m s! in the direction shown. The
magnitude of the magnetic field is 8.5 T.

P velocity

(a) State the direction of the magnetic field. (1)
(b) Calculate, in N, the magnitude of the magnetic force acting on the electron. (1)
(

(¢) Explain why the electron moves at constant speed. 1)

(d) Explain why the electron moves in a circular path. (2)
(Total 5 marks)



11. The diagram shows an arrangement for measuring the force between two parallel

sections of the same rigid wire carrying a current as viewed from the front. The

supports for the upper section of the wire and the power supply are not shown.

(@)

(b)

power supply

upper section

—
.‘—

lower
a8t section
acans

electronic balance

Deduce what happens to the reading on the electronic balance when the
current is switched on. (3)
When the current in the wire is 0.20 A, the magnetic field strength at the
upper section of wire due to the lower section of wire is 1.3 x 107* T. Calculate
the magnetic force acting per unit length on the upper section of wire. (1)
Each cubic meter of the wire contains approximately 8.5 x 10%* free electrons.
The diameter of the wire is 2.5 mm and the length of wire within the magnetic
field is 0.15 m. Using the force per unit length already calculated, deduce the
speed of the electrons in the wire when the current is 0.20 A. (4)
The upper section of wire is adjusted to make an angle of 30° with the lower
section of wire, Outline how the reading of the balance will change, if at all. (3)

(Total 11 marks)

12. (a) When the electric current in two parallel wires is flowing in the same

direction, what will the wires tend to do? (1)
A Repel each other
B  Attract each other
C  Exert no force on each other
D Twist at right angles to each other
E Spin

(b) Explain your answer. (1)

(Total 2 marks)
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E Nuclear and quantum physics

<« The Standard Model of elementary particles cansists of quarks {(which make up baryons, such as
protens and neutrons, and mesans), leptons (like electrons and neutrinos) and bosons (which transmit
forces). The Higgs boson was predicted to exist in the 1960s precisely because of the Standard Model
and eventually discovered through ATLAS and CMS collaboration in 2012 at CERN,

Chemical reactions involve electrons. Nuclear reactions involve nucleons. All

are found in atoms, the building blocks of matter. The structure of atoms has

been investigated for centuries, and the contemporary nuclear model is based on
experiments in which only a small proportion of charged particles were found to
deflect when fired toward a thin sheet of gold. Experiments also provide the evidence
for the energy levels in which electrons reside; the light that is absorbed and released
by atoms due to electron energy level transfers has specific wavelengths unique to the
element.

Looking at samples of thousands of atoms, the number of physical phenomena only
continues to grow — because individual nuclei can undergo decay, fission or fusion in
order to become more stable. Radioactive decay is a random and spontaneous process
with the format (e, -, 8+ or ¥) depending on the ratio of neutrons to protons present
and in which a constant half-life can be determined for each given isotope. Fission is
the route to stability for the heaviest nuclei and fusion the route for the lightest nuclei;
binding energy per nucleon increases to a maximum value for iron-56. Chain fission
reactions are harnessed using fuel rods, moderators and heat exchangers in nuclear
power stations (with control rods and shielding for safety). Fusion is the source of
energy in stars, where the density and temperature are high enough for positively-
charged nuclei to come together under the strong nuclear force.

Stars can be classified according to their temperature, luminosity, radius and lifecycle
stage with the Hertzsprung—Russell diagram being the ultimate for displaying them.
You will come to be amazed by the stellar detective work that can be carried out based
on just one or two pieces of information.
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«f The periodic table is an arrangement of ty atom - the chemical elements. Chemists make use of

the reactivity patterns across the peuorls and down the groups, while physicists pay more attention to

the composition of atomic nuclei and the energies of the electrons that surround them.

o ——

What is the current understanding of the nature of an atom?

What is the role of evidence in the development of the model of the atom?

In what ways are previous models of the atom still valid despite recent advances in
understanding?

The development of atomic theory is often used as an example of how the scientific
method works, but the process as presented in this chapter is a very selective view of
events. This was not the only research being carried out in atomic physics.

Trying to model the atom is like trying to work out what is in a present without
opening the packaging.

Imagine you received the object shown in Figure 1. If it was placed in a large box and
you rolled it around inside the box, you might think it was a solid cube. However, if
you fired pellets at the box, they would pass straight through, except for the occasional
pellet that would hit the larger central ball. This would imply that the object was
mostly space with a heavy center. The next step might be to blow up the box and

attempt to catch the pieces. This would reveal finer details, but only if you were A . G peo
! : : p E.1 Figure 1 Each of the
standing in the path of a piece as it moved outward. balls ic at the corner of a
‘cube’.

Students should understand;

the Geiger-Marsden—Rutherford experiment and the discovery of the nucleus

nuclear notation X where A is the nucleon number, Zis the proton number and X is
the chemical symbol

emission and absorption spectra provide evidence for discrete atomic energy levels

photons are emitted and absorbed during atomic transitions

the frequency of the photon released during an atomic translation depends on the
difference in energy level as given by E = hf

emission and absorption spectra provide information on the chemical composition.

The arrangement of charge in the atom

We already know that matter is made up of particles (atoms) and we used this model
to explain the thermal properties of matter. We also used the idea that matter contains
charges to explain electrical properties. Since matter contains charge and is made

of atoms, it seems logical that atoms must contain charge. But how is this charge
arranged?

E.1 Figure 2 Thomson's
There are many possible ways that charges could be arranged in the atom, but since model: a Poszfi“’e puading
atoms are not themselves charged, they must contain equal amounts of positive and WiEyregatve: s,
negative charge. Maybe half the atom is positive and half is negative, or perhaps the
atom is made of two smaller particles of opposite charge?
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What does it mean
when we say we know
these things? Do we
know that this is true, or
is it just the model that
is true?

The electron is
a fundamental
particle with a
charge of

-1.60 x 10-1°C
and a mass of
9.110 x 107" kg.

This is an example

of how scientists use
experimental evidence
to build models of
things they cannot

see. Note that in these
examples, you do not
just need a pellet, you
also need a detector.
What if you did not
notice the sound of
breaking glass? You
would have to have
some idea that this was
going to happen or you
might not have been
listening.

E.1 Figure 3 To see small

details, we need to use a
small projectile.
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The discovery of the electron by J. ]. Thomson in 1897 added a clue that helps to solve
the puzzle. The electron is a small negative particle that is responsible for carrying
charge when current flows in a conductor. By measuring the charge-to-mass ratio of
the electron, Thomson realized that electrons were very small compared to the whole
atom. He therefore proposed a possible arrangement for the charges as shown in
Figure 2. This model was called the ‘plum pudding’ model. This model was accepted
for some time until, under the direction of Ernest Rutherford, Geiger and Marsden
performed an experiment that proved it could not be correct.

Scattering experiments

The problem with trying to find out what is inside an atom is that the atom is far too
small to see.

Imagine you have four identical boxes and each contains one of the following: a large
steel ball, a glass ball, air or sand. You have to find out what is inside the boxes without
opening them. One way of doing this is to fire a pellet at each. Here are the results:

1.  Shattering sound — glass ball
2. Bounces back — steel ball

3. Passes straight through — air
4

Does not pass through —> sand

Different situations need different projectiles. If, for example, one box contained a
large cube, then a projectile smaller than the cube would be fine. If the big cube was
made out of smaller cubes, you would need a projectile so small that it could pass
between the cubes or one with so much energy that it would knock some of the small
cubes out of the box.

The Rutherford model

Rutherford’s idea was to shoot alpha particles at a very thin sheet of gold to see what
would happen. In 1909, very little was known about alpha particles — only that they
were fast and positive. In accordance with normal scientific practice, Rutherford
applied the model of the day to predict the result of the experiment. The current model
was that the atom was like a small plum pudding, so a sheet of gold foil would be like

a wall of plum puddings, a few puddings thick. Shooting alpha particles at the gold foil
would be like firing pellets at a wall of plum puddings. If we think what would happen
to the pellets and puddings, it will help us to predict what will happen to the alpha
particles.



If you shoot a pellet at a plum pudding, it will pass through and out the other side.

If you were to shoot a positive alpha particle at ‘plum pudding’ atoms, within

which negative charges are evenly distributed, the alpha particles, overall, should

be undeflected. What actually happened was, most alpha particles passed through

without changing direction, but a significant number were deflected and a few even

came straight back, as shown in Figure 4. This was so unexpected that Rutherford This is 2 good example
said: ‘It was quite the most incredible event that ever happened to me in my life. It was af scientific discoveryin

almost as incredible as if you had fired a 15-inch shell at a piece of tissue paper and PR
it came back and hit you." We know from our study of collisions that you can only
get a ball to bounce off another ball if the second ball is much heavier than the first.
This means that there must be something heavy in the atom. The fact that most alpha
particles pass through means that there must be a lot of space. If we put these two
findings together, we conclude that the atom must have something heavy and small
within it. This small, heavy thing is not an electron since they are too light. It must
therefore be the positive part of the atom. We call this dense, positive center of the
atom the nucleus. This would explain why the alpha particles come back, since they
are also positive and are repelled from it.
<« E1Figured The paths of
= / / alpha particles deflected by a
: 2 nucleus. At this scale, it looks
» 4 like most are deflected, but if
the nucleus was this size, the
9 next atom would be about
- 100 m away.
o

Heow have observations
led to developments in
e the model of the atom?

\ \ (NOS)

Charge and mass

Nature of Science

Nuclear research was undoubtedly hurried along by the strategic race to be the
first to build an atom bomb. Many other advancements in science have also
been pushed forward due to military, political or financial concerns.

In the 1860s, chemists calculated the relative mass of many elements by measuring
how they combine to form compounds. If placed in order of atomic mass, the chemical
properties of the elements seemed to periodically repeat themselves. This led to the
periodic table that chemistry students will be familiar with. There were, however, some
anomalies where the order in terms of chemical properties did not match the order of
mass. In 1911, Rutherford’s scattering experiments not only revealed the existence of

the nucleus but made it possible to calculate the charge of the nucleus. This was found
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The unified mass unit
(u) is the unit of atomic
mass: 1 u is defined as
the mass of -5 of an
atom of a carbon-12
atom,

E.1Table1

In past IB papers,
these quantities have
different names,

A =atomic mass
number

Z = atomic number
Note that unknown
elements are given
the generic chemical
symbol X until the
proton number can
be compared with the
periodic table.

Structure of the atom

to be the same whole number of positive electron charges for all atoms of the same
element. This number is not the same as the mass number, but when the elements were
placed in order of this ‘charge number’, then the anomalies were sorted. To summarize:
* The mass of all atoms is (approximately) a multiple of the mass of a hydrogen
atom, the ‘mass number’.
* The charge of all nuclei is a multiple of the charge of a hydrogen nucleus, the
‘charge number’.
* The ‘charge number’ is not the same as the ‘mass number’.

Since all nuclei are multiples of hydrogen nuclei, one might imagine that all nuclei are
made of hydrogen nuclei. If this was the case, then the charge number would be the
same as the mass number, but it is not. For example, helium has a relative atomic mass
of 4 but a charge of +2e. There appear to be two extra particles that have approximately
the same mass as a hydrogen nucleus but no charge. This particle is the neutron, which
was discovered by Chadwick in 1932.

So the nucleus contains two types of particle, shown in Table 1.

Mass/kg Mass/u Charge/C

1.673 x 107% 1.007276 +1.60 x 107'®

Proton

Neutron 1.675 x 10-% 1.008665 0

Nucleons are the particles of the nucleus (protons and neutrons). A particular
combination of nucleons is called a nuclide. Each nuclide is defined by three numbers:
* nucleon number (A) = number of protons + neutrons (defines the mass of the
nucleus)
* proton number (Z) = number of protons (defines the charge of the nucleus)
» neutron number (N) = number of neutrons (A — Z).

Isotopes are nuclides with the same proton number but different nucleon numbers.
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A

E.1Figure 5 [sctopes

thium.
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Structure of the atom

Example

Lithium-7 has a nucleon number of 7 and a proton number of 3, so it has 3 protons
and 4 neutrons. This nuclide can be represented by the symbol JLi.

SLi and jLi are isotopes of lithium.

Q1. How many protons and neutrons are there in the following nuclei?
@ 1 Cl
(b) SN
(c) iPb
Q2. Calculate the charge in coulombs and mass in kilograms of a ;; Fe nucleus.

Q3. Anisotope of uranium (U) has 92 protons and 143 neutrons. Write the
nuclear symbol for this isotope.

Q4. Describe the structure of another isotope of uranium, having the
238
symbol © U.

Electrons

So, the atom consists of a heavy but very small positive nucleus surrounded by
negative electrons. But what stops the electrons falling into the nucleus? One idea
could be that the atom is like a mini solar system with electrons orbiting the nucleus,
similar to how the planets orbit the Sun. The circular motion of the electrons would
make it possible for them to accelerate toward the center without getting any closer.
One problem with this model is that if an electron were to move in this way, it would
create a changing electric and magnetic field, resulting in emission of electromagnetic
radiation. This would lead to a loss of energy and the electron would spiral into the
nucleus. To gain more insight into the structure of the atom, we need to look in detail
at the relationship between light and matter.

The connection between atoms and light

There is a very close connection between matter and light. For example, if we give
thermal energy to a metal, it can give out light. Light is an electromagnetic wave so
must come from a moving charge. Electrons have charge and are able to move, so

it would be reasonable to think that the production of light is something to do with
electrons. But what is the mechanism inside the atom that enables this to happen?
Before we can answer that question, we need to consider the nature of light, in
particular, light that comes from isolated atoms. We must look at isolated atoms
because we need to be sure that the light is coming from single atoms and not the
interaction between atoms. A single atom would not produce enough light for us to
see, but low-pressure gases have enough atoms far enough apart not to interact.

Atomic spectra

To analyze the light coming from an atom, we need to give the atom energy. This can be
done by adding thermal energy or electrical energy. The most convenient method is to
apply a high potential to a low-pressure gas contained in a glass tube (a discharge tube).



This causes the gas to give out light, and already you will notice (see Figure 6) that different
gases give different colors. To see exactly which wavelengths make up these colors, we can
split up the light using a prism (or diffraction grating). To measure the wavelengths, we
need to know the angle of refraction. This can be measured using a spectrometer.

<« E.1Figure 6 Discharge
tuk aini )
hydrogen and he

The hydrogen spectrum

<« E.1Figure?

spectrum for hydre

Hydrogen has only one electron, so it is the simplest atom and the one we will consider
first. Figure 7 shows the spectrum obtained from a low-pressure discharge tube
containing hydrogen. The first thing you notice is that, unlike a usual rainbow, which is
continuous, the hydrogen spectrum is made up of thin lines. Light is a form of energy,

so whatever the electrons do, they must lose energy when light is emitted. If the color
of light is associated with different energies, then, since only certain energies of light
are emitted, the electron must only be able to release certain amounts of energy. This
would be the case if the electron could only have certain amounts of energy in the first
place. We say the energy is quantized.

To help us understand this, we can consider an analogous situation of buying sand.
You can buy sand loose or in 50kg bags, and we say the 50kg bags are quantized, since
the sand comes in certain discrete quantities. So if you buy loose sand, you can get any
amount you want, but if you buy quantized sand, you have to have multiples of 50 kg.
If we make charts showing all the possible quantities of sand you could buy, then they
would be as shown on Figure 8; one has discrete values and the other is continuous.

t 1 energyleV j
450 450 0.00 +——
400 ——— —0.54 +—
_ 0.854——
£p 350+ & 151 ——
Z 00— =
g B0—— & 3.39
i) = -339+—
= 20— =2
g 150—— §
100 ———
50—
bags o loose
A
E.1 Figure 8 Ways
—13.6—

< E.Figure9 T

When a metal rod

is heated, it first
glows red, but as it
gets hotter, it will
glow white. It seems
reasonable to assume
that the color of light
is related ta energy,
red being the lowest
energy and blue/violet
the highest energy.

g%
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How can emission
spectra be used to
calculate the distances to
and velocities of celestial
bodies? (C.5)

Remember 1 eV is
the kinetic energy
gained by an
electron accelerated
through a potential
difference of 1V.
1eV=1.60x10"7)

: The average kinetic
energy of: an atom in
air at 20 °C is about
0.02 eV, a red light
photon is 1.75 eV and
a blue light photon is
31V

+ The energy released
by one molecule in a
chemical reaction is
typically 50 eV.

* The energy released
by one atom of fuel in
a nuclear reaction is

200 Me\.
energyfeV 4
0
IR
_4 v | ¥
-10 .

A

E.1 Figure 10 The four

s of energy
transition.
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energy levels result in six

If the electron in the hydrogen atom can only have discrete energies, then when it
changes energy, these changes must also be in discrete amounts. We represent the
possible energies on an energy level diagram (Figure 9), which looks rather like the
sand diagram.

For this model to fit together, each of the lines in the spectrum must correspond toa
different energy change. Light therefore must be quantized and this does not tie in with
our classical view of light being a continuous wave that spreads out like ripples in a pond.

The quantum nature of light

Light definitely has wave-like properties; it reflects, refracts, diffracts and interferes.
But sometimes light does things that we do not expect a wave to do, and one of these
things is the photoelectric effect. The photoelectric effect is an interaction between
particles of light (photons) and electrons, in which photons of sufficient energy can
cause the emission of electrons from a metal surface after being absorbed by atoms.
The energy of a photon is related to the frequency of the electromagnetic radiation.
This is the mechanism found in solar panels.

Quantum explanation of atomic spectra

We can now put our quantum models of the atom and light together to explain the
formation of atomic spectra. To summarize what we know so far:

* Atomic electrons can only exist in certain discrete energy levels.

* Light is made up of photons.

* When electrons lose energy, they give out light.

» When light is absorbed by an atom, it gives energy to the electrons.

We can therefore deduce that when an electron changes from a higher energy level

to a lower energy level, a photon of light is emitted. Since the electron can only exist

in discrete energy levels, there are a limited number of possible changes that can

take place. This gives rise to the characteristic line spectra that we have observed.

Each element has a different set of lines in its spectrum because each element has
different electron energy levels. To make this clear, we can consider a simple atom with
electrons in the four energy levels shown in Figure 10.

As you can see in the diagram, there are six possible ways that an electron can change
from a higher energy level to a lower energy level. Each transition will give rise to a
photon of different energy and hence a different line in the spectrum. To calculate the
photon frequency, we use the formula:

change in energy, AE = hf

So the bigger energy changes will give lines on the blue end of the spectrum and smaller
energy changes will give lines on the red end of the spectrum, as shown in Figure 11.

Example

A change from the —4 ¢V to the —10¢V energy level will result in a change of 6eV.
Thisis 6 x 1.60 x 1017 = 9.6 x 1071?].

This will give rise to a photon of frequency given by:

AE = hf



o AE  9.6%107
Rearrangmg gl‘\-"CS: f= T = W

This is a wavelength of 207 nm, which is UV.

=1.45x 10" Hz

lonization "
energy/eV

lonization occurs when the electrons are added to or removed from an atom, i
leaving a charged atom called an ion. Electrons can be removed if the atom absorbs a ) =
high-energy photon or the electron could be ‘knocked off’ by a fast-moving particle

like an alpha particle. These interactions are quite different. When a photon interacts —4
with an atom, it is absorbed. However, alpha particles are positively charged, which

means they can attract electrons.

Removal of an electron from the ground state of a hydrogen atom requires 13.6 eV of

energy (Figure 12). ‘_10 y
E.1 Figure 11 Blue light
photons contain more energy
than red light photons,

Absorption of light

A photon of light can only be absorbed by an atom if it has exactly the right amount

of energy to excite an electron from one energy level to another. If light containing

all wavelengths (white light) is passed through a gas, then the photons with the right :g:;;' :f
energy to excite electrons will be absorbed. The spectrum of the light emitted will have 151 eV
lines missing. This is called an absorption spectrum and is further evidence for the

existence of electron energy levels. —3.39¢V
The core of the Sun is very hot so the atoms move around with high speed. When the

atoms collide with each other, they knock all of the electrons out of their energy levels.

This material is called a plasma and because the atoms do not contain electrons, they ~13.6 €V

cannot emit light of visible light frequencies. Instead, they emit gamma radiation, A

which is absorbed by the outer layer of the star, increasing the temperature. E.1 Figure 12 Energy levels
for hydrogen.

The outer layer atoms still have electrons in place so give out light of all wavelengths.
This light passes through the outermost low-density gas, where certain wavelengths
are absorbed by discrete energy changes in the atomic electrons. This leaves dark
absorption lines in the spectrum of light from any given star, enabling us to identify
the chemical composition (which elements are present).

Use the energy level diagram in Figure 12 to answer the following questions.
Q5. How many possible energy transitions are there in this atom?

Q6. Calculate the maximum energy (in eV) that could be released and the
frequency of the photon emitted.

Q7. Calculate the minimum energy that could be released and the frequency of
the associated photon.

Q8. How much energy would be required to completely remove an electron that
was in the lowest energy level? Calculate the frequency of the photon that
would have enough energy to do this.

A charge coupled
device (CCD) is the
light-sensitive part of
a digital camera. It
contains millions of
tiny photodiodes that
make up the pixels.
When a photon of
lightis incident on a
photodiode, it causes
an electron to be
released, resulting in
a potential difference
that is converted to a
digital signal.

How can emission and
absorption spectra allow
for the properties of
stars to be deduced?
(E.5)
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Guiding Questions revisited

What is the current understanding of the nature of an atom?
What s the role of evidence in the development of the model of the atom?

In what ways are previous models of the atom still valid despite recent
advances in understanding?

In this chapter, we have explored the experimental evidence relating to the nature of
the atom to give the current understanding that:
s Positive protons are located in a dense central nucleus, based on the findings of
the Geiger-Marsden—Rutherford experiment.
s Neutral neutrons are also located in the nucleus because the masses and charges
of consecutive nuclei do not increase in equal steps.
* Electrons are located in quantized energy levels, and we can measure the
differences between them using the emission spectra of excited atoms.
+ Although human understanding of atomic structure has improved in its precision
over time because of scientific open-mindedness, some aspects of previous
models (e.g. the existence of the electron and the balance of charges) remain.

Practice questions

1. (a) Theelement helium was first identified from the absorption spectrum of the Sun.
(i) Explain whatis meant by the term absorption spectrum. (2)

(i) Outline how this spectrum may be experimentally observed. (2)

(b) One of the wavelengths in the absorption spectrum of helium occurs at
588 nm.

(i) Show that the energy of a photon of wavelength 588 nm is 3.38 x 10717].
(2)
(ii) The diagram represents some of the energy levels of the helium atom.
Use the information in the diagram to explain how absorption at
588 nm arises. (3)

energy/107] o
0

-1.59

-2.42
-3.00

-5.80

—7.64

(Total 9 marks)
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2. (a) The diagram shows the three lowest energy levels of a hydrogen atom.

b energy
n=3 -1.51eV
n=2 —340eV
n=1 ~13.6eV

State two physical processes by which an electron in the ground state

eneroy level can move to a hicher eneroy level state. 2
8y g gy
hydrogen
white light gas transmitted
beam light beam
—_— —_—)

A parallel beam of white light is directed through monatomic hydrogen
P g 8 rerog
gas as shown in the diagram. The transmitted light is analyzed.

White light consists of photons that range in wavelength from

approximately 400 nm for violet to 700 nm for red light.

(i) Determine that the energy of photons of light of wavelength 658 nm

is about 1.89¢V.

(2)

(i) The intensity of light of wavelength 658 nm in the direction of the
transmitted beam is greatly reduced. Using the energy level diagram

in part (a), explain this observation.

(3)
(Total 7 marks)

3. Which statement about atomic spectra is not true?

A
B

M

They provide evidence for discrete energy levels in atoms.

Emission and absorption lines of equal frequency correspond to

transitions between the same two energy levels.

Absorption lines arise when electrons gain energy.

Emission lines always correspond to the visible part of the

electromagnetic spectrum.

(Total 1 mark)
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4. Asimple model of an atom has three energy levels. The differences between
adjacent energy levels are shown below. What are the two smallest frequencies
in the emission spectrum of this atom?

energy A
6.63 x107"]
133 x10°Y)
A 0.5x10%Hzand 1.0 x 10°Hz B 0.5x10"Hzand 1.5 % 101°Hz
C 1.0x10%Hzand 2.0 x 10'5Hz D 1.0x10"Hzand 3.0 x 10°Hz

(Total 1 mark)

5. The diagram shows four energy levels for the atoms of a gas. The diagram
is drawn to scale. The wavelengths of the photons emitted by the energy
transitions between levels are shown. What are the wavelengths of spectral
lines, emitted by the gas, in order of decreasing frequency?

/13
v
o i,
W v
Ronhir R € AdsiR
B A, Ay Ay A D 4,44,

(Total 1 mark)
6. (a) Outline how the evidence supplied by the Geiger-Marsden—Rutherford
experiment supports the nuclear model of the atom. (4)

(b) Outline why classical physics does not permit a model of an electron

orbiting the nucleus. (3)

(Total 7 marks)
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7. The diagram shows the position of the principal lines in the visible spectrum
of atomic hydrogen and some of the corresponding energy levels of the
hydrogen atom.

‘energy [ 107]

—=0.870

— 136

—  m

Scﬂs_
LU 969

8?
(a) Determine the energy of a photon of blue light (435 nm) emitted in the
hydrogen spectrum. (3)
(b) Copy the diagram and identify, with an arrow labeled B, the
transition in the hydrogen spectrum that gives rise to the photon

i 01*,"

=544

‘with the energy in (a). 1
(c) Explain your answer to (b). 2
(Total 6 marks)
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4 lonizing radiation from radioactive isotopes can cause harm. However, used in the right way, it also has
uses in medical treatments, the home and in industry. This is a PET scan, which detects the gamma
radiation released when positrons inje il tracer) annihilate with electrons already
present. PET

Guiding Questions _
Why are some isotopes more stable than others?

In what ways can a nucleus undergo change?

E.2 is not included as it
is for HL students only.

ns give doctors an understanding of how organs are functioning.

How do large, unstable nuclei become more stable?

How can the random nature of radioactive decay allow for predictions to be made?

A pendulum bob comes to rest at the equilibrium position. Conventional current
flows from high potential to low potential. Atomic electrons return to a lower energy
level after emitting a photon of light. Thermal energy flows from hot regions to cold
regions. A ball placed on a hill rolls down.

All physical systems return to the lowest possible energy state, unless it is made
impossible, for example, if the ball on the hill was placed in a bucket.

The same is true for nuclei. If the binding energy per nucleon of a nucleus can increase
by changing the composition of neutrons and protons, then this will, if possible,
happen. This is why some large nuclei emit ionizing radiation.

How can increasing the binding energy mean that the nucleus is in a lower energy
state? Binding energy is the energy released when the nucleus is formed. Increasing
binding energy means energy must be released and stability is greater.

Students should understand:

isotopes

nuclear binding energy and mass defect

the variation of the binding energy per nucleon with nucleon number

the mass—energy equivalence as given by E = m¢* in nuclear reactions

the existence of the strong nuclear force, a short-range, attractive force between nucleons

the random and spontaneous nature of radioactive decay

the changes in the state of the nucleus following alpha, beta and gamma radioactive
decay

the radioactive decay equations involving a, 5, . y

the existence of neutrinos v and antineutrinos &

the penetration and ionizing ability of alpha particles, beta particles and gamma rays

the activity, count rate and half-life in radioactive decay

the changes in activity and count rate during radioactive decay using integral values
of half-life

the effect of background radiation on count rate.
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test

veen approximately 1
and 32 fm. Beyond this, the

Would a nucleus be

able to exist if only
gravitational and electric
forces were considerad?
(D1, D2)

E.3 Figure 2 Separating the
nucleons (work done).
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The nuclear force

We have seen that the energy of an atomic electron is in the region of 1 eV. This
means that to remove an electron from an atom requires about 1 eV of energy. This
does not happen to atoms of air at room temperature but if, for example, air is heated,
colliding atoms excite electrons, resulting in the emission of light. The amount of
energy required to remove an electron from an atom is directly related to the strength
of the force holding it around the nucleus. The fact that it takes a million times more
energy to remove a nucleon from the nucleus indicates that whatever force is holding
nucleons together must be much stronger than the electromagnetic force holding
electrons in position.

Unlike the gravitational and electric forces, the force between two nucleons is not
inversely proportional to their distance apart. If it was, then all nuclei would be
attracted each other. The strong nuclear force is in fact very short range, only acting
up to distances of about 107> m: attractive when nucleons are separated but repulsive
when closer together.

From data gathered about the mass and radius of nuclei, it is known that all nuclei have
approximately the same density, independent of the combination of protons and neutrons.
This implies that the nuclear force is the same for proton—proton, proton—neutron and
neutron-neutron interactions. If the force for neutrons was greater than that between
protons, you might expect nuclides with large numbers of neutrons to be more dense.

+3.0 7
£ ¢
S 3
P ,
é &l Coulomb repulsion between
;) |
.ﬁ: g J:_ : "t_\\jo protons
g 0 | T = =
= 3.0 nucleon
u .
2 op separation/fm
£
5 2
2 = :
o = strong nuclear force
g2 = between two nucleons
&
-3.04

L— equilibrium position for protons -
sum of two forces = zero

Binding energy

The binding energy of a nucleus is defined as the amount of energy required to
separate a nucleus into its constituent protons and neutrons. Since the nuclear force is
very strong, the work done is relatively large, leading to a measurable increase in the
mass of the nucleons (E = mc?). This difference in mass, the mass defect, can be used
to calculate the binding energy of the nucleus. It is helpful to think of nucleons as balls
in a hole as in Figure 2. The balls do not have energy in the hole, but to get them out,
we would need energy to do work. Similarly, binding energy is not something that

the nucleons possess. It is something that we would have to possess if we wanted to
separate them.



The binding energy can also be defined as the amount of energy released when the
nucleus formed from separate protons and neutrons. Again, the balls in a hole might
help us to understand the concept. Imagine that you have three perfectly elastic balls
and a perfectly elastic hole as in Figure 3. If you simply throw all the balls in the hole,
they will probably just bounce out. To get them to stay in the hole, you need to remove
the energy they had before they were dropped in. One way this could happen is if the
balls could collide in such a way so as to give one of the balls all of their energy. This
ball would fly out of the hole very fast, leaving the other two settled at the bottom. It is
the same with nuclei.
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Conversion from u to MeV

The atomic mass unit, u, is defined as % of an atom of carbon-12.
This is 1.66053878 x 10"2?kg.

If we convert this into energy using the formula E = mc?, we get:

1.66053878 x 10727 x (2.99792458 x 10%)2 = 1.49241783 x 10719]

To convert this to eV, we divide by the charge of an electron to give:
1.49241783 x 10710
1.60217653 x 107"

(The number of significant figures used in the calculation is necessary to get the
correct answer.)

=931.494 MeV

This is a very useful conversion factor when dealing with nuclear masses:
1u=1.661x10% kg =931.5MeVc?

Calculating binding energy

Tables normally contain atomic masses rather than nuclear masses. This is the mass

of a neutral atom so, it also includes Z electrons. Here, we will use atomic masses to
calculate mass defect so to make sure the electron mass cancels out, we use the mass of
a hydrogen atom instead of the mass of a proton, as shown in Table 1.

The amount of energy required to split iron into its parts can be calculated from Amc,
where Am is the difference in mass between the iron nucleus and the nucleons that it
contains.

the mass of a nucleus
and its constituents is
very small, but when
multiplied by ¢, gives
a lot of energy. ILis this
energy that is utilized
in the fission reactors
of today and the fusion
reactors of tomorrow.
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How does equilibrium
within a star compare
to stability within the
nucleus of an atom?
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From Table 1, we can see that the iron nucleus has 26 protons and (54 - 26) = 28 neutrons.

You do not need to
add the electrons in
every time - just use

mass defect = mass of parts - mass of nucleus

atomic masses plus = (mass of 26 protons + mass of 28 neutrons) — mass of iron nucleus
the mass of hydrogen
instead of the proton But if we use atomic masses:
mass and it will all
work out, Am = [(26 x mass (hydrogen atom) - 26 m,) + 28 m_| — [mass (**Fe atom) - 26 m,]
';3 Table 2 The electrons cancel so:
Atonichassas Am = [26 x mass (hydrogen atom) + 28 m,| — [mass (**Fe atom)]
Z Symbol A  Mass/u Am =26 x 1.00782 + 28 x 1.00866 - 53.9396 = 0.5062
L s 1| 10078 This is equivalent to: 0.5062 x 931.5 = 471.5 MeV
1 D ) 2.0141 T

Binding energy per nucleon
2 He 3 3.0160 . . oot ’ _—

Larger nuclei generally have higher binding energies than smaller nuclei since they have
3| L 6| 6.0151 more particles to separate. To compare one nucleus with another, it is bett